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ABSTRACT: Nanotubes have been considered as promising candidates for protein delivery
purposes due to distinct features such as their large enough volume of cavity to encapsulate the
protein, providing the sustain and target release. Moreover, possessing the properties of suitable cell
viabilities, and biocompatibility on the wide range of cell lines as a result of structural stability,
chemical inertness, and noncovalent wrapping ability, boron nitride nanotubes (BNNTs) have
caught further attention as protein nanocarriers. However, to assess the encapsulation process of
the protein into the BNNT, it is vital to comprehend the protein−BNNT interaction. In the
present work, the self-insertion process of the protein SmtA, metallothionein, into the BNNT has
been verified by means of the molecular dynamics (MD) simulation under NPT ensemble. It was
revealed that the protein was self-inserted into the BNNT through the protein−BNNT van der
Waals (vdW) interaction, which descended and reached the average value of −189.63 kcal·mol−1 at
15 ns of the simulation time. The potential mean force (PMF) profile of the encapsulated protein
with increasing trend, which was obtained via the pulling process unraveled that the encapsulation
of the protein into the BNNT cavity proceeded spontaneously and the self-inserted protein had reasonable stability. Moreover, due
to the strong hydrogen interactions between the nitrogen atoms of BNNT and hydrogen atoms of SmtA, there was no evidence of an
energy barrier in the vicinity of the BNNT entrance, which resulted in the rapid adsorption of this protein into the BNNT.

1. INTRODUCTION

In the recent decade, advancements in designing a new
concept and strategies for the therapeutics delivery have
emerged based on the simple, low-cost, and adjustable
nanomaterials. In this regard, experiments based on the
chemical and physical parameters including the solubility,
stability, ζ-potential, particle size, surface morphology, and
functional groups have been conducted;1−3 however, these
experiments are time-consuming and, in most cases, the
parameters that are studied have unrecognizable effects on
each other. Therefore, it is necessary to use computational
methods to check any of the physical, chemical, and even
biological parameters before any experiment.4,5

Nanotube (NT)-based drug delivery systems have attracted
a lot of attention as nanovehicles due to their distinct
properties such as large enough interior volume for drug
encapsulation,6,7 and their distinctive surfaces that provide the
practical functional groups including carboxylates and
hydroxyls for potential functionalization to improve the
selectivity as well as the sustained release for targeted delivery
applications.8−10 Besides the benefits of sustained and targeted
release to obviate the side effects of drugs,11,12 these hollow
nanocarriers bring the advantages of drug protection from
environmental tension, oxidization, and other destructive

reactions13 along with the ability to penetrate into bacteria,
cells, and tissues.14 Several reports regarding the use of hollow
mesoporous nanotubes as a nanocarrier for the delivery of
protein- and peptide-based therapeutics have been conducted
and revealed that the physicochemical properties of these
nanocarriers play an important role in this procedure.15−17 In
addition, these carriers are considered as the next-generation
precursors for the synthesis of new types of bacterial ghosts for
immunization and therapeutics delivery as well.18 Carbon
nanotubes (CNTs), the best-known hallow nanovectors,19

have been widely applied as nanocarriers for biomolecules
including peptides,20 proteins,21 and DNA.21 However, due to
the possible cytotoxicity caused by CNTs, the usage of carbon-
based nanotubes has been restricted in biomedical applica-
tions.19,22 Instead, boron nitride nanotubes (BNNTs) have
emerged as alternatives to CNTs due to their prominent
features such as nontoxicity and biocompatibility as a result of
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their structural stability and chemical inertness.23,24 Moreover,
because of the superior partial charges of the BNNTs over
CNTs, they demonstrate higher permeation coefficients in the
water as a result of considerable polarization.25 However, pure
experimental tools cannot capture the molecular image of
nanotube−drug interaction.
Considering the theoretical research studies employed in the

prediction of the performance of the BNNTs as nanocarriers of
biomolecules, it can be understood that the interaction
between the BNNT and the biomolecule plays a vital role in
the encapsulation process. For example, Roosta et al.26 studied
the insertion process of gemcitabine in the BNNT (18, 0) and
its release performance using the releasing agent through
molecular dynamics (MD) simulations. They reported that
gemcitabine is successfully located at the center of the BNNT
spontaneously, as reflected in the negative interaction energy
value of −0.9 kcal·mol−1. In terms of the encapsulated
gemcitabine release, the releasing agent is introduced into
the system and moved inside the BNNT, which subsequently
resulted in the drug release with a total potential energy
difference of −140.1 kcal·mol−1. In another work done by
Mirhaji et al.,27 the effect of water/ethanol ratio on the
encapsulation process of the anticancer drug of docetaxel into
the BNNT (13, 13) has been explored using molecular
dynamics (MD) simulations. According to the calculated van
der Waals (vdW) energies, the BNNT−docetaxel systems
containing 60 and 75% showed the weakest interaction
between the drug and the BNNT. The drug delivery
performance of the OH-functionalized BNNT is also studied
by Mortazavifar et al.28 through the density functional theory
(DFT) computations and MD simulations. The adsorption
energy calculated by means of DFT suggested that the
anticancer drug (Carmustine (CMT)) is attached to the
surface of the BNNT via hydrogen bonding with hydroxyl
groups on the surface of the nanotube. Moreover, they
reported that the increase in the Carmustine concentration and
temperature enhances the vdW force between the OH-
functionalized BNNT and the aforementioned drug. The
adsorption processes of two anticancer drugs, namely,
temozolomide (TMZ) and carmustine (CMT), into the
BNNT(6, 6) cavity are compared by Xu et al.29 based on
DFT calculations. They revealed that the adsorption energies
of these drugs in the inner wall of the BNNT are remarkably
higher than those on the outer wall. Moreover, the adsorption
of TMZ on the surface of the nanotube occurred through both
π−π and electrostatic interactions, which resulted in the larger
adsorption energy compared to the CMT/BNNT system with
electrostatic interactions. Khatti et al.30 studied the penetration
rate of carboplatin drug into the BNNT and the BNNT having
18 hydroxyl groups on one edge. They underlined that the
hydroxyl groups facilitate the insertion of drugs into the
nanotube cavity.
In the light of the above finding, in the desired BNNT-based

drug delivery system, the drug should have the ability to pass
the potential barrier at the entrance of the BNNT and
subsequently be encapsulated stably as a result of the interior
deep potential. Therefore, there is a need to provide a
computational research to evaluate the encapsulation behavior
of the BNNT as a nanocarrier, the stability of the encapsulated
biomolecule through the calculations of vdW interaction
between the drug and the nanotube during the encapsulation
process, and the potential of the mean force (PMF) of the
encapsulated molecule respectively. SmtA as a zinc-fabricated

gene is a kind of bacterial metallothionein (metal-binding
protein), which significantly contributes to intercellular
homeostasis of zinc and protects tissues and cells against
oxidation by free radicals and also toxicity arising from heavy
metals.31−33 The objective of this work was to assess the
performance of the BNNT as a nanocarrier in an aqueous
medium for protein delivery purposes by means of the MD
simulations. The encapsulation of the protein SmtA into the
BNNT was evaluated through the estimation of the vdW
interaction between the protein and the BNNT. In addition,
the stability of the protein in BNNT was investigated by
calculation of the potential of the mean force (PMF) of the
encapsulated protein.

2. COMPUTATIONAL DETAILS
In the current work, the molecular dynamics (MD) calculation
was performed using Large-Scale Atomic/Molecular Simulator
(LAMMPS) software34 to investigate the insertion process of
the protein SmtA into the boron nitride nanotube (BNNT)
and subsequently the stability of the encapsulated protein in
the BNNT. The protein SmtA with the ID code of 1JJD was
selected from the protein data bank. This ellipsoidal protein
consists of a cleft lined with His-imidazole and Cys-sulfur
ligands binding four zinc ions in a Zn4Cys9His2 cluster. Two
ZnCys3His and two ZnCys4 sites are attached by thiolate
sulfurs of five Cys ligands and caused the formation of two
rings with six members.33 The visualization was obtained using
VMD.35 In accordance with the size of SmtA, the armchair
BNNT (28, 28) with a length of 48.8 Å has been selected as a
nanocarrier for this protein. The axial direction of the
nanotube was parallel to the z-axis of the simulation box.
At the beginning of the simulation, SmtA was placed at the

initial distance of 2 Å from the BNNT. The complex of BNNT
and SmtA was immersed in the simulation box consisting of
TIP3P water molecules with periodic boundary conditions.
Then, counterions were introduced into the simulation box to
neutralize the simulated solution. Tersoff potential was applied
to consider the interaction between boron and nitrogen.36 All
MD simulations were done using the CHARMM27 force
field.37 For an investigation of the protein encapsulation
process, first, the system was minimized in the NVT ensemble
at 300 K, while the BNNT was fixed. Next, the MD runs were
performed in the NPT ensemble for 15 ns with the time step of
2 fs. Considering van der Waals (vdW) interaction, the inner
and outer cutoff distances for the Lennard−Jones potential and
Coulombic potential were 8 and 12 Å, respectively. The
Lorentz−Berthelot combination rule was applied to estimate
the parameters of the Lennard−Jones potential for cross-vdW
interactions between nonbonded atoms.38 The vdW inter-
action between SmtA and the BNNT can be obtained as
below35

E t E t E t E t( ) ( ) ( ) ( )vdW int SmtA BNNT SmtA BNNT= − −− +
(1)

where EvdW−int is the vdW energy between SmtA and the
BNNT, ESmtA+BNNT corresponds to the vdW interaction of
SmtA combined with BNNT. ESmtA and EBNNT refer to the
vdW energies of SmtA and the BNNT, respectively.
In terms of the stability of the encapsulated drug in the

BNNT, an external force was applied to the encapsulated SmtA
along the z-axis of the nanotube to pull it out from the BNNT
in the direction opposite to the penetrating process. The
pulling velocity and spring constant k were 0.005 Å ps−1 and
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15 kcal·mol−1·Å−2, respectively.39 The pulling process was
repeated ten times to obtain the potential of the mean force
(PMF) profile according to Jarzynski’s equality as37

e eG W= ⟨ ⟩β β− Δ −
(2)

where ΔG and W are the free energy difference between two
states and the performed work on the system, respectively. β is
equal to (KBT)

−1 where KB refers to the Boltzmann constant.
Langevin dynamics was applied to obtain the temperature of

the system about 300 K. Moreover, the pressure of 101.3 KPa
was fixed using the Langevin piston Nose−́Hoover method.40

3. RESULTS AND DISCUSSION

3.1. Localization of SmtA within the Protein−BNNT
Complex. The self-insertion of the protein SmtA into the
BNNT (28, 28) cavity in the water simulation box was kept
under observation through MD simulation. Figure 1
demonstrates the snapshots captured by VMD software at
various simulation times. As observed, SmtA was completely
encapsulated into the BNNT cavity and showed reasonable
stability until 15 ns. The normalized center-of-mass (CoM)
distance between the protein and the BNNT (d/d0) as a
function of the simulation time is shown in Figure 2a. The
fluctuation of the d/d0 curve at the initial time of the
simulation was related to the self-adjustment of the protein

Figure 1. Representative snapshots of insertion of the protein SmtA into an armchair BNNT (28, 28) at various times. For clarity, molecules of
water have not been shown.

Figure 2. (a) d/d0 (normalized CoM distance where d0 is the initial CoM distance) between the protein SmtA and BNNT as a function of
simulation time. (b) vdW interaction between the protein SmtA and the BNNT (28, 28) as a function of simulation time.
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before entering into the BNNT. After that, the value of the d/
d0 decreased dramatically to the value of 0.2 so that the
insertion process was completed at 2 ns. With passing time, it
was seen that the CoM distance between the protein and the
BNNT experienced negligible changes and fluctuated around
the value of 0.2 until the termination of simulation at 15 ns.
The van der Waals (vdW) interaction energy is an important

parameter to predict the encapsulating behavior of the
nanocarrier so that the decrease in the vdW energy during
the insertion process of the protein in the BNNT corresponds
to the affinity of the protein to the BNNT. Figure 2b
represents changes in the SmtA−BNNT vdW interaction
energy as a function of simulation time. As observed, the value
of the vdW interaction energy between the protein SmtA and
BNNT dwindled by decreasing the CoM distance between the
protein and the BNNT during the insertion process and
reached an approximate value of −189.63 kcal·mol−1 at the end
of the simulation. The similar downtrends of the changes in
the vdW interaction energy in the systems containing DNA
oligonucleotides−CNT and protein−CNT complexes in which
the insertion process of the biomolecules into the nanotube
occurred spontaneously have been reported by Gao et al.41 and
Kang et al.,42 respectively. In the first 2 ns of simulation, the
peptide moves rapidly toward the BNNT cavity with no
evidence of the pause in the vicinity of the BNNT entrance.
This was revealed as the dramatic drop in the value of the vdW
interaction energy of the systems during this period. It can be
explained that hydrogen bonding between the nitrogen atoms
of the BNNT and hydrogen atoms of the protein caused a
strong interaction between the protein and the BNNT, which
subsequently passes the energy barrier caused by the hydrogen-
bonding networks of water molecules accumulated at the
entrance of the BNNT.43 After the encapsulation of the protein
inside the BNNT, the vdW energy decreased with fluctuation
in the range between the values of −200 and −150 kcal·mol−1,
which showed a strong interaction in the protein−BNNT
complex. Comparing the encapsulation process of SmtA into
the CNT studied by Kang et al.39 and into the BNNT
investigated in the present work, it was clarified that SmtA was
absorbed into the BNNT cavity in the shorter time span (3.9
ns shorter). However, the adsorption of SmtA into the CNT
not only occurred slower but also a pause in this process was
observed due to the energy barrier in the vicinity of the CNT.
3.2. Free Energy Calculation from MD Simulation.

After the termination of the simulation at 15 ns, the pulling
process with the velocity of 0.005 Å ps−1 (chosen according to
the velocity of the encapsulation process) was performed on
the encapsulated protein through the MD simulation to obtain
the potential of the mean force (PMF) profile. This pulling
process was simulated ten times so that the average value of
work (W) at every pulling distance was computed, which was
illustrated as the PMF profile in Figure 3. Moreover, the
snapshots related to three positions of the protein along the z-
axis corresponding to the BNNT are displayed in this figure. As
observed, the value of free energy increased during the
simulation of the pulling process and reached a value of 160
kcal·mol−1 at the pulling distance of 30 Å, which was 60 kcal·
mol−1 higher than the obtained free energy for the SmtA−
CNT complex studied by Kang et al.39 This shows that the
SmtA−BNNT complex possesses more stability compared to
the SmtA−CNT complex in water due to a stronger hydrogen
bonding. However, the encapsulation process of this protein
into both BNNT and CNT occurred spontaneously due to the

negative values of the free energy of −160 and −100.2 kcal·
mol−1, respectively.

3.3. Variations in the Conformation of the Protein
SmtA. The structural changes in the protein in the presence of
BNNT at 0 and 15 ns of MD simulation are shown in Figure
4a. The image on the left illustrates the snapshot related to the
natural form of the protein immersed in the water molecules at
0 ns of MD simulation. The protein has an ellipsoidal
conformation in which hydrophilic groups fabricate the outer
surface. The image on the right shows the snapshot of the
encapsulated protein′s conformation, which was matched to
the geometry of the BNNT at 15 ns of the simulation time. In
other words, the protein was absorbed on one side of the
interior wall of BNNNT with its hydrophobic surface. Similar
variations in arrangement and configuration of the encapsu-
lated drug (doxorubicin) in the CNT cavity affected by the
changes in the chirality and diameter of CNT was reported by
Zhang et al.44

Figure 4b demonstrates the variations in the root mean
square deviation (RMSD) corresponding to the changes in the
protein conformation as a function of simulation time. As
observed, before the complete insertion of protein inside the
BNNT by 1.5 ns, the RMSD changed significantly, which was
attributed to the intense conformational alteration of the
protein influenced by the high SmtA−BNNT vdW interaction
during the movement of the protein into the BNNT. However,
after the encapsulation of SmtA into the BNNT, the RMSD
varied continuously due to the self-adjustment of the protein
according to the interior geometry of the BNNT, which was
accompanied by the phase separation between the hydrophilic
and hydrophilic groups absorbed on water solvent and BNNT,
respectively. A similar difference in the affinity of the
hydrophobic and the hydrophilic parts to the solvent and the
nanotube was also reported in the system containing larger
biomolecules.45

In addition to RSMD calculation, monitoring the variations
in the gyration radius of the protein during the encapsulation
process provides insight into the structural changes of the
protein. Figure 4c shows the changes in the gyration radius as a
function of the simulation time. As can be seen, the structure
of the protein was stretched affected by the protein−BNNT
vdW interaction, which was revealed as a higher gyration radius
during the encapsulation process comparing the natural state
of the protein.

Figure 3. Potential of the mean force (PMF) computed from 10
pullings through the MD simulation. The images represent the
positions of the protein SmtA corresponding to the z-coordinate
along the BNNT at some key positions.
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The alteration in the distance between the CoM of the
protein SmtA and the central axis of the BNNT during the
simulation time is depicted in Figure 5a. As shown, at the
beginning of the simulation time, the protein was placed in a
position in the simulation box so that the CoM of the protein
was located on the central axis of the BNNT. Affected by the
vdW interaction, the protein SmtA was then moved toward
one side of the BNNT wall, and subsequently the SmtA−axis
distance increased to 17 Å at 0.11 ns. However, this
conformation of the protein was unstable and changed through
the probable adsorption to other sidewalls of the BNNT,

which resulted in a sudden drop in the cRW3−axis distance.
After the complete insertion of the protein in the BNNT at 2
ns, there was a competition among the BNNT and water
molecules to adsorb hydrophobic and hydrophilic groups of
the protein, respectively, which caused a continuous alteration
in the distance between the CoM of the protein SmtA and
subsequently a moderate fluctuation in the SmtA−axis distance
curve in a specified range of 6−10 Å.
Figure 5b shows the potential energy variations of the

protein SmtA during the encapsulation procedure. It was seen
that the potential energy of SmtA decreased during the first 2

Figure 4. (a) Axial views of the protein SmtA 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 the protein SmtA as a function of simulation time. (c) Radius gyration of the protein SmtA as a
function of simulation time.

Figure 5. (a) Distance between the CoM of the protein SmtA and the central axis of the BNNT as a function of simulation time. (b) Potential
energy of the protein SmtA as a function of simulation time.
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ns of the encapsulation process, which is in favor of the rapid
insertion of SmtA inside the BNNT cavity due to the high
SmtA−BNNT vdW interaction energy. While the unfavorable
increase in potential energy of the SmtA−CNT system was
reported at the beginning of the simulation process.39 After the
completion of the encapsulation procedure, the potential
energy of the peptide fluctuated around the value of −1850
kcal·mol−1, which represents continuous changes in the
conformation of the protein.
Radial distribution function (RDF) of the water molecules at

various simulation times were determined to provide the
estimation of the structure and distance between the water
molecules in the simulation box.46 Figure 6 shows the RDF

curves of water molecules in the simulation box at 1, 5, 10, and
15 ns of simulation time. As observed, the emergence of similar
sharp peaks at the distance of 3 Å indicated that the distance
between the water molecules was 3 Å during the simulation
process.47 This means that the water molecules were in the
liquid phase during the insertion process, and the protein
stability inside the BNNT was the result of the SmtA−BNNT
vdW interaction and not of being trapped between frozen
water molecules.

4. CONCLUSIONS
In summary, we investigated the encapsulation process of the
protein SmtA in the boron nitride nanotube (BNNT) in an
aqueous medium through molecular dynamics (MD) simu-
lation. The normalized center-of-mass (CoM) distance
between the protein and the BNNT (d/d0) and the SmtA−
BNNT van der Waals (vdW) interaction energy decreased
dramatically and reached approximate values of 0.2 and
−189.63 kcal·mol−1, respectively. It was observed that the
insertion process of SmtA into the BNNT occurred with no
pause in the vicinity of the BNNT, which indicated that a
strong SmtA−BNNT vdW interaction caused by hydrogen
bonding between the nitrogen atoms of the BNNT and
hydrogen atoms of the protein could pass the energy barrier
caused by the hydrogen-bonding networks of water molecules

accumulated at the entrance of the BNNT. According to the
potential mean force obtained through a pulling process, it was
revealed that the encapsulation process occurred automatically
with the free energy of −160 kcal·mol−1. The significant
change in the root mean square deviation (RMSD) before the
complete insertion of protein inside the BNNT by 1.5 ns
showed an intense conformational alteration in the protein as
an effect of a strong SmtA−BNNT vdW interaction during the
movement of the protein into the BNNT.
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