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Introduction: Antimicrobial peptides are potential therapeutics as anti-bacteria, anti-
viruses, anti-fungi, or anticancers. However, they suffer from a short half-life and drug
resistance which limit their long-term clinical usage.

Methods: Herein, we captured the encapsulation of antimicrobial peptide HA-FD-13 into
boron nitride nanotube (BNNT) (20,20) and its release due to subsequent insertion of BNNT
(14,14) with molecular dynamics simulation.

Results: The peptide-BNNT (20,20) van der Waals (vdW) interaction energy decreased to
—270 keal-mol " at the end of the simulation (15 ns). However, during the period of 0.2-1.8
ns, when half of the peptide was inside the nanotube, the encapsulation was paused due to an
energy barrier in the vicinity of BNNT and subsequently the external intervention, such that
the self-adjustment of the peptide allowed full insertion. The free energy of the encapsulation
process was —200.12 kcal'mol”’, suggesting that the insertion procedure occurred
spontaneously.

Discussion: Once the BNNT (14,14) entered into the BNNT (20,20), the peptide was
completely released after 83.8 ps. This revealed that the vdW interaction between the
BNNT (14,14) and BNNT (20,20) was stronger than between BNNT (20,20) and the peptide;
therefore, the BNNT (14,14) could act as a piston pushing the peptide outside the BNNT
(20,20). Moreover, the sudden drop in the vdW energy between nanotubes to the value of the
—1300 Kcal-mol ™! confirmed the self-insertion of the BNNT (14,14) into the BNNT (20,20)
and correspondingly the release of the peptide.

Keywords: drug delivery, boron nitride nanotubes, molecular dynamics simulation, drug

release, antimicrobial peptide

Introduction

Peptides are oligomers of short-chain amino acid sequences interconnected by
amide or peptide bonds formed through dehydration condensation reaction.'s
They are generally classified into four main groups based on their structures,
including a-helical, p-sheet, the extended structures, and loops.> The desired pep-
tides for a given target having tailored chemical structures and activities can be
obtained through appropriate genetics and chemical engineering.* Depending on
their microstructure and functional groups,’ diverse peptides have been developed
for various applications in biomedicine,® bioengineering, and nanotechnology.”®
Because of their highly selective character and being relatively safe, peptides have

been widely considered in pharmaceutical research.’
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Bioactive peptides are a class of peptides that largely
contribute to biological processes and have considerable
physiological health benefits.'® They may act as hormones
or drugs given their activities, such as anti-oxidative,
mineral binding, anti-hypertensive, antimicrobial, anti-
thrombotic, and immunomodulatory.""* Antimicrobial
peptides have emerged as anti-infective drugs with the
ability to protect living organisms against the invasion of
pathogens.'* The antimicrobial activities of these peptides
depend on their features, such as their charge, hydropho-
bicity, chain conformation, and polar angle.'>™'” However,
most antimicrobial peptides possess an amphipathic struc-
ture; they are cationic at physiological pH and accumulate
onto and subsequently cause the disintegration or permea-
bilization of the bacterial membrane.'®'* These antimicro-
bial peptides edge over conventional antibiotics because of
their broad range of antimicrobial activities (anti-bacteria,
anti-viruses, anti-fungi, and anti-cancers) and their lower
drug resistance.”

Besides the advantages mentioned above for antimicro-
bial peptides, some drawbacks such as short half-life,
toxicity, hemolytic activity, drug resistance, and the
blood-brain barrier would limit their long-term usage in
clinical applications.”’** For example, the antimicrobial
peptide indolicidin rich with tryptophan would lead to
hemolytic anemia, despite providing a broad antimicrobial
activity window.>* As another example, gram-negative
bacterial pathogens (CAMPS) would resist cationic anti-
microbial peptides through surface remodeling (polysac-
charide modification, phospholipid modification, and
capsule production), forming biofilms, efflux pumps, pro-
teolytic degradation, binding and sequestering CAMPs,
and modulation of CAMP expression.”> In this sense,
nano-based drug delivery systems have been introduced
and practiced to overcome barriers and thereby support
peptide-based therapy by preventing antimicrobial drug

26,27

resistance, sustain and target drug release,”®*° facil-

itating the penetration of the drug into the cells, bacteria,

and tissues,30

and drug protection from oxidization,
destructive reactions, and environmental tension.>!

Boron nitride nanotubes (BNNT)-based drug delivery
systems have attracted considerable attention as nanocar-

riers due to their distinct features such as their large inter-

jor volume adequate for drug encapsulation,®** their
ability to surface functionalization for targeted
delivery,”®*°  non-toxicity, and biocompatibility.****

Several theoretical reports have addressed the performance
of BNNT as a drug carrier. Table 1 summarizes the

research performed on BNNT playing the role of drug
carrier. For instance, Mirhaji et al studied the effect of
water/ethanol ratio on the encapsulation process of the
anticancer drug of docetaxel inside the Armchair BNNT
(13, 13) utilizing molecular dynamics (MD) simulation.®
The Lennard-Jones energies calculated for the systems of
BNNT-docetaxel attained at water/ethanol ratio of 60%,
and 75% were 0 and —239 kcal-mol ', respectively.
Moreover, van der Waals (vdW) interaction between doc-
etaxel and the BNNT took minimum at these ratios.
Likewise, Khatti and Hashemianzadeh captured the pene-
tration rate of the platinum drug into the BNNT and the
functionalized BNNT with 18 hydroxyl groups on one
edge.” The hydroxyl groups facilitated the encapsulation
of platinum into BNNT cavity through both hydrogen
bonding and the van der Waals interaction between the
drug and functionalized BNNT. Similar behavior is
reported for the encapsulation of gemcitabine inside
BNNT (18, 0) by Roosta et al.*®* MD simulation proved
spontaneous insertion of the drug into the cavities of the
BNNT, featured by a negative vdW interaction energy
value of —46.1 kcal-mol'. They also quantified the release
performance of encapsulated gemcitabine using fullerene
(Cep), which resulted in a total potential energy difference
of —140.1 kcal mol ™.

Theoretical investigations on the BNNT-drug systems
proved the presence of non-bonded interaction energies
such as vdW and electrostatic interactions between the
drug and BNNT supporting the encapsulation and release
The MD
a promising tool that has been widely applied to investi-

processes. simulation, in this regard, is
gate the performance of complex nano-sized systems brid-
ging diverse areas of cell biology and materials
science.*** Besides the great ability that the MD offers
to evaluate the thermal and mechanical features of
nanostructures.’®>> The 13-amino acid peptide (named
HA-FD-13) with the ID code of 2124 (chosen from protein
data bank (https://www.rcsb.org/structure/21.24)) is an o-
Helical antimicrobial peptide (a-AMP) derived from the
fusion domain (FD) of the hemagglutinin (HA) of the

influenza virus. This antimicrobial peptide has the positive

charge needed for penetration into the anionic microbial
membranes.”® However, like other kinds of antibiotics,
drug resistance arising from long-term and overdose drug
usage would limit its repeated usage. Therefore, the AMP-
nanocarrier complexes are used to overcome this obstacle.
In the present work, the MD simulation was applied to
model and pattern the encapsulation process of a-AMP

4278 "

Dove!

International Journal of Nanomedicine 2021:16


https://www.rcsb.org/structure/2L24
https://www.dovepress.com
https://www.dovepress.com

Dove

Zarghami Dehaghani et al

Table I The Summary of the Researches Performed on Evaluation of BNNT as Drug Carrier in Water at 300K and latm

Author

Simulated System

Method

Calculated Energy

Mortazavifar et al*®

Hydroxyurea (HU) drug into BNNT (6,6)

MD
DFT

Adsorption energy=—34.36 k] mol '
Interaction energy=—130.73 k] mol ™'
Deformation energy=96.37 k| mol™"'
vdW energy between HU and BNNT=-20 k| mol '

Roosta et al**

Cisplatin drug into BNNT

DFT
Monte

carlo

vdW energy =12.84 kcal mol'
Solvation free energy of drug-BNNT= —4.128 kcal mol ™'
Electrostatic energy =—2803.992 Kcal mol™'

Hasanzade and

i 4l
Raissi

6-Thioguanine on BNNT with length and
diameter of about 13.64 and 5.14A

DFT

Adsorption energy= —47.31 Kjmol '
Deformation energy of BNNT= 179.41 k] mol '
Solvation energy= —142.53 kJ mol '
Deformation energy of drug= 88.18 K mol™!

Zarghami et al*®

Protein SmtA into BNNT (28,28)

MD

vdW energy between protein and BNNT=-189.63 kcal mol '
Free energy of the protein=—160 kcal mol ' Potential energy of

the protein=—1900 kcal mol '

Zarghami et al*?

The peptide cRW3 into BNNT (12,12)

MD

vdW energy between protein and BNNT=
~142.7 keal mol™'
Free energy of the protein=—90 kcal mol '

Potential energy of the peptide=—50 kcal mol ™'

Iranmanesh-Zarandy

and Dehestani®

Paracetamol Drug on BNNT (10,10),
length=2.2nm

MD

Free energy= —1085.91 kJ mol '

vdW energy between drug and BNNT= —239.219 kJ mol '
Lennard-Jones energy=—2000 kJ mol '

Bonded energy= —973.56 k] mol '

Binding free energy= —67.06 kJ mol "'

Sedghamiz et al**

Mechlorethamine drug into BNNT (10,0)

MD

Total energy=—7500 kcal mol ™'
vdW energy = 1700 kcal mol™'
Electrostatic energy= —10,550 kcal mol '

Roosta et al®®

Gemcitabine in BNNT (18,0)

MD

Total potential energy=- 948.3 kcal mol ™'

Internal energy= —905.7 kcal mol ™'

Non-bond energy= —42.5 kcal mol ™'

VdW energy between drug and BNNT =- 42.2 kcal mol ™'
Electrostatic energy between drug and BNNT = —0.4 kcal mol”!

El Khalifi et al*®

Carboplatin drug in BNNT (10,10)

MD

The changes of Interaction enrgy between BNNT and water
during the insertion of the drug into the BNNT= 650 kcal ‘mol”!

Mirhaiji et al*®

Docetaxel drug in BNNT (13,13)

MD

Potential energy=—700,000 kcal mol™'

Lennard-Jones energy=—150 kcal mol”!

Khatti and

Hashemianzadeh®’

Platinum drug in BNNT(40,0), length=14 A

MD

vdW energy =—43 kcal mol ™'
Electrostatic energy=0.018 kcal ‘mol”!

Mehrjouei et al*

Cisplatin in BNNT (12,12)

MD

vdW energy= - kcal mol™'
Electrostatic energy=—55 kcal mol™'
Total energy=—62 kcal mol ™'

Saikia et al*’

The protein Pyrazinamide on BNNT (5,5)

MD
DFT

Adsorption energy = —0.854eV
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inside the BNNT (20,20) by calculating the vdW interac-
tions between the BNNT and the peptide. Computational
analyses were based on the potential of mean force (PMF)
of the encapsulated peptide. Then, the release behavior of
the encapsulated peptide in the presence of the BNNT
(14,14), a releasing agent which acts as piston pushing
out the peptide from BNNT (20,20), was evaluated by
computing the distances between the center of mass
(CoM) of the peptide and nanotubes and vdW interaction
energy between the BNNT (14,14) and BNNT (20,20).

Simulation Method

In the present study, MD simulation of the encapsulation
and release processes of the peptide HA-FD-13 into and
from the BNNT was performed through the Large-Scale
Atomic/Molecular Simulator (LAMMPS) software®’ by
applying CHARMM?27 force field.® Tersoff potential
was used to consider the interaction between boron and
nitrogen atoms of nanotubes.’® The partial charge of the
B and N atoms are 1 and —1, respectively. Here the BNNT
was neutralized, and the total charge was approximately
zero. The temperature and the pressure of the systems
were adjusted to about 300K and 101.3 KPa through
applying NPT Ensemble. The inner and outer cutoff dis-
tances for the Lennard-Jones potential and Coulombic
potential were considered 8 and 12 A, respectively.
Lennard-Jones’ parameters for cross vdW interactions
between non-bonded atoms were estimated using
Lorentz—Berthelot combination rule.®” The visualization
was obtained using visual molecular dynamics (VMD).°!
The a-Helical antimicrobial peptide (a-AMP) named HA-
FD-13 (containing amino acids ILE-PHE-GLY-ALA-ILE-
ALA-GLY-PHE-ILE-LYS-ASN-ILE-TRP-NH2) with the
ID code of 2124 was chosen from the protein data bank.
This antimicrobial peptide has a positive charge so that it
can penetrate the anionic microbial membranes. The simu-
lation steps of this research are described as following:

1) At the first step, the insertion process of the peptide
HA-FD-13 into the BNNT and subsequently the stability
of encapsulated peptide HA-FD-13 in BNNT was studied.
Considering the size of HA-FD-13, the BNNT with chir-
ality of armchair (20,20) and the length and diameter of 40
A and 27.14 A, respectively, have been selected as
a nanocarrier according to the size of the antimicrobial
peptide, which means that the minimum possible size of
the BNNT was chosen so that the peptide would be encap-
sulated in the cavity of the nanotube beside the capability
of the BNNT to penetrate cells. At the beginning of this

simulation, the peptide HA-FD-13 was situated at the
initial distance of 2 A from the nanotube. The axial direc-
tion of the nanotube was parallel to the z-axis of the
simulation box. The complex of BNNT/HA-FD-13 was
immersed in the simulation box consisting of TIP3P
water molecules and counter-ions to neutralize the simu-
lated solution with periodic boundary conditions. To assess
the peptide’s encapsulation process, in the first stage, the
system’s minimization was done while the nanotube and
the peptide were fixed. Second, the system was relaxed in
the NPT Ensemble at 300K. Next, the MD runs were
performed in the NVT ensemble for 15 ns with the time
step of 1 fs while the nanotube and nanotube and the
peptide were fixed and unfixed, respectively. The vdW
interaction between the peptide HA-FD-13 and the
BNNT was calculated according to the below equality

1
as:(’

Evaw—int(t) = Epepride+BNNT () — Epepride (t) — Epnnr (1)
(1)

where E, g _ins refers to vdW energy between HA-FD
-13 and the nanotube, Ejepride+snvyr 15 vdW interaction of
HA-FD-13 combined with the BNNT. E,q. and Egyyr
stand for vdW energies of HA-FD-13 and the BNNT,
respectively.

The root-mean-square deviation (RMSD) of the pep-
tide was calculated to verify the changes in its conforma-
tion during the encapsulation process. The RMSD (in
length units) was obtained from below Eq:®?

N
i d;

RMSD =
N

2

where d; is the distance between atom i in the two
structures, and N is the total number of equivalent atoms.

To evaluate the stability of the encapsulated peptide
inside BNNT, an external force was loaded on the encap-
sulated HA-FD-13 along the z-axis of the nanotube to pull
it out from the BNNT in the direction opposite to the
penetrating process. The spring constant k and pulling

2 and

velocity were chosen equal to 15 kcal mol ™' A
0.005 A ps ', respectively.”’ The pulling process was
simulated ten times to compute the potential of mean

force profile (PMF) using Jarzynski's equality as below:>®
e PAG = oW 3)

where AG and W correspond to the free energy discre-
pancy between two states and the performed work on the

4280
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system, respectively. B is equal to (KzT) ' where Kj
stands for the Boltzmann constant.

2) At the second step, the release behavior of the
encapsulated peptide from the BNNT (20,20) using the
BNNT (14,14), having a diameter of 18.52 A was verified.
The BNNT (14,14) was placed at the initial distance of 2
A from the BNNT (20,20), which acted as a piston push-
ing out the peptide from BNNT (20,20). The axial direc-
tions of nanotubes were parallel to the z-axis of the
simulation box. The minimization of the system was
done in the NVT ensemble at 300 K while nanotubes
were fixed. Then, the MD run was performed in the NPT
ensemble for 0.15 ns with the time step of 1 fs. The vdW
interaction between the BNNT (20,20) and the BNNT

(14,14) was computed as below:®'

Evaw —in(t) = Epnnr(2020)+83NT(1414) (1) — Esnnr(2020) (£)
— Egnnr(1414)(2)

“)

Where E,gw_i refers to vdW energy between BNNT
(20,20) and BNNT (14,14), Egynr(2020)+83NT(1414) 18 VAW
interaction of BNNT (20,20) combined with BNNT
(14,14). Egynr(2020) and Epyyr(1414) stand for vdW energies
of BNNT (20,20) and the BNNT (14,14), respectively.

Results and Discussion
Localization of the Peptide HA-FD-13

Within the BNNT-Peptide Complex

The insertion process of the peptide HA-FD-13 inside the
cavity of BNNT (20,20) was verified through the MD simula-
tion. The snapshots of this process were captured using VMD
software to show the peptide positions at various times in the
simulation box (Figure 1). As shown in Figure 1, the peptide
HA-FD-13 was successfully encapsulated inside the BNNT;
however, it experienced a slower insertion process during the
period of 0.2 ns 1.8 ns of simulation time in which half of the
peptide was inside the BNNT. This occurred due to the ability
of the peptide to self-adjust to pass the maximum energy
barrier in the vicinity of the nanotube. Moreover, the peptide
remained stably encapsulated through the n-m interaction as
a kind of vdW interaction between the conjugated aromatic
rings of the peptide and the interior walls of the nanotube up to
the end of the simulation time (15 ns).

Figure 2A represents the normalized center of mass
(CoM) distance between the peptide HA-FD-13 and the
BNNT (20,20), d/d,, as a function of simulation time. The
sudden two-step decrease of the d/dy value from 1 to 0.2 at
the beginning of the simulation up to 1.8 ns showed that the
peptide was immediately under the influence of the vdW

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

shown.
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Figure 2 (A) d/dy (normalized CoM distance where dy is the initial CoM distance) between the peptide HA-FD-13 and BNNT as a function of simulation time, (B) vdW
interaction between the peptide HA-FD-13 and the BNNT (20,20) as a function of simulation time.

interaction between the peptide and the BNNT, which sub-
sequently caused the peptide adsorption toward the cavity of
the nanotube. The negligible change in the value of the d/d,
during the period between the 0.2 ns and 1.8 ns corre-
sponded to the self-adjusting of the peptide residues to
pass the energy barrier illustrated in Figure 1. A similar
decreasing trend in the value d/d0 at the beginning of the
simulation was reported in work performed by Kang et al.*®
They observed that the protein SmtA experienced the con-
formational variations to be self-adjusted before entering the
carbon nanotube (CNT). After the complete encapsulation of
the peptide HA-FD-13 inside the BNNT at 2 ns, the normal-
ized CoM distance between the peptide and the BNNT
fluctuated around the specified range of 0.2-0.5 up to the
end of the simulation at 15 ns which revealed the stability of
the confined peptide inside the nanotube.

In accordance with the neutralized nature of the BNNT
(20,20), it was concluded that the value of electrostatic
interactions such as dipole-dipole and hydrogen bonding
interactions between the BNNT and the peptide was
obtained zero. Hence, the vdW interaction energy was con-
sidered as adsorbance energy of the peptide HA-FD-13
inside the BNNT. As can be observed in Figure 2B, the
vdW interaction energy between the peptide and the
BNNT dwindled dramatically in two steps: first, it was
decreased from the value of 0 kcal-mol ™ to the approximate
value of —150 kcal-mol ™! at initial 0.2 ns of the simulation,
after the plateau in vdW energy value for the duration of 1.6
ns, for the second decrease, the vdW interaction energy
dropped to the value of —270 kcal'mol '. The observed
plateau in the curve of vdW energy was in excellent agree-
ment with the changes in the value of d/d0 where half of the
peptide was inside the BNNT, and it did not move towards
the cavity of the nanotube, and subsequently, the peptide-

BNNT vdW interaction energy was not significantly varied
for the duration of 1.6 ns. In other words, the presence of
barrier energy arising from the higher accumulation of
hydrogen bonding networks in the vicinity of the BNNT
led to the 1.6 ns pause in the encapsulation process.
A similar energy barrier in the vicinity of the BNNT is
observed in our previous work in which the encapsulation
of the peptide cRW3 into the BNNT is investigated.** After
completing the peptide encapsulation, the vdW energy
between the peptide and the BNNT fluctuated smoothly in
the minimum specified range due to the higher n-n interac-
tion between the conjugated aromatic rings of the peptide
and the interior walls of the BNNT. The decreasing trend
observed for the encapsulation process of the drug inside
BNNT has been similarly reported by Mehrjouei et al.*®
They reported that the vdW energy between the Cisplatin
and BNNT decreased and reached the value of —2282
kJ-mol " at the end of the simulation.

Calculation of the Free Energy by MD

Simulation

After the completion of the simulation, when the peptide
HA-FD-13 was completely inserted in the cavity of BNNT
(20,20) at 15 ns, the PMF profile of the confined peptide was
computed by pulling it out using the MD simulation at the
speed of 0.005 A ps " which was chosen in accordance with
the speed of the encapsulation process. This simulation was
repeated five times to obtain the average value of work (W)
at each pulling distance, depicted as a PMF curve in
Figure 3. Moreover, the peptide positions along the z-axis
of the BNNT are illustrated in this Figure As shown, the free
energy of this simulated system increased during the pulling
distance and reached the maximum value of 200.12
kcal-mol ' at 24 A. This increasing trend of the PMF
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Figure 3 Potential of mean force (PMF) for the system of BNNT-peptide computed
from five pullings through the MD simulation. The images represent that the
positions of the peptide HA-FD-13 correspond to the z-coordinate along the
BNNT at some key position. Pink arrows connect the exact position of the peptide
with corresponding pulling distance.

showed that the encapsulation process of the peptide into the
BNNT was a spontaneous phenomenon with a free energy of
—200.12 kcal'mol™'. A similar spontaneous process was
reported in work performed by Veclani and Melchior.**
They calculated the free energy value of —9.5 Kcal-mol
for the adsorption of the ciprofloxacin on the surface of
CNTs. As another proof, the protein SmtA has been inserted
into BNNT (28,28) with the free energy of —160 kJ-mol " in
previous work.*

As another observation, the PMF did not experience
the significant changes and remained plateau at the pulling
distance higher than 24 A when the peptide was out of the
BNNT. It can be explained that, at a pulling distance
higher than 24 A, when the distance between the CoM of
the peptide and the entrance of the BNNT was higher than
the cutoff distance (12 A), the effect of the vdW interac-
tion between the BNNT disappeared so that the displace-
ment of the peptide to the higher distances did not affect
the value of the PMF and free energy. The revealed small
peak at the pulling distance of 10 A, when half of the
peptide was in the BNNT, was due to the energy barrier
present in the vicinity of the BNNT.

According to the definition of the free energy of the
hole system containing water molecules, BNNT (20,20)
and drug Isatin (AG = AH - TAS where AH and AS are the
variations of total enthalpy and total entropy, respectively),
it was observed that the value of -TAS equaled to AG-AH=
—200.12-(—1818.28) = 1618.16 kcal-mol '. Therefore, it

can be concluded that the encapsulation process was an
enthalpy-driven phenomenon due to the greater contribu-
tion of the enthalpy change to the free energy of the whole
system while the decrement of the entropy value during

. 6
the encapsulation process.®

The Time-Dependent Conformation of
the Peptide HA-FD-13

The variations in the conformation of the peptide HA-FD
-13 at 0 and 15 ns of the MD simulation are depicted in
Figure 4A. The left image of Figure 4 is related to the
immersed peptide in an aqueous solution in its natural
conformation at 0 ns. The right image corresponds to the
state in which the peptide conformation was adjusted to
the interior wall of the BNNT at 15 ns. Similar rearrange-
ment and alteration in the conformation of the confinement
drug doxorubicin inside the CNTs with various chirality
and diameters were reported by Zhang et al.*®

The root mean square deviation (RMSD) relating to
the changes in the conformation of peptide HA-FD-13 in
BNNT (20,20) as a function of simulation time is demon-
strated in Figure 4B. As observed in this figure, the
RMSD varied significantly by 0.2 ns, revealing that the
peptide conformation variations are influenced by the high
peptide-BNNT vdW interaction. Then, for the duration of
1.6 ns, the RMSD did not significantly vary, which shows
that not only did the peptide not experience the intense
conformational changes, but also it did not move towards
the BNNT. After this duration, when the peptide was
inserted inside the BNNT, the value of RMSD fluctuated
in the specified range so that the aromatic rings of the
peptide can be placed parallel to the interior wall of the
BNNT, causing the strong n—m stacking interaction.
A similar structural variation during the encapsulation of
the ssDNA oligomer inside the CNT was observed by
Shen et al.®” They observed that the value of RMSD of
the biomolecule slightly fluctuated, resulting in the crea-
tion of the n—= stacking interaction after complete encap-
sulation. In another work,® they reported that the
variations in RMSD for the encapsulated biomolecule
occurred due to the different affinities of hydrophobic
and the hydrophilic residues to the solvent and the nano-
tube, respectively. In two works done by Raffaini and

Ganazzoli,*”"°

they reported that the conformation of
the encapsulated oligopeptide adjusted to the inner wall

of the single wall CNT.
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Figure 4 (A) Axial views of the peptide HA-FD-13 at 0 ns and |5 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 peptide HA-FD-13 as a function of simulation time. (C) Radius gyration of the peptide HA-FD-13 as a function of simulation time in the

BNNT/HA-FD-13 complex.

In addition to RMSD values, the alteration of the
gyration radius of the peptide HA-FD-13 during the encap-
sulation process provides beneficial details about the pep-
tide’s structural changes. Figure 4C shows the alteration of
the gyration radius of the peptide during the simulation
time. As observed, the peptide’s gyration radius varied
continuously in the range of 7-9 A due to the strong
peptide-BNNT vdW interaction as the simulation started.

The alterations in the distance between the CoM of the
peptide HA-FD-13 and the central axis of the BNNT as
a function of simulation time are represented in Figure 5A.
As seen, the peptide in the simulation box was situated in
a position so that the CoM of the peptide was adjusted on the
central axis of the BNNT at the beginning of the simulation.
After initiation of the simulation, the peptide moved toward
one side of the BNNT resulted in the immediate enhancement
of the peptide-axis distance to the value of 9 A. This sudden
movement was attributed to the strong vdW interaction

between the BNNT wall and the peptide. However, this
conformation was not permanent and altered through the
peptide’s adsorption to the other side wall of the nanotube
as a sudden drop of the peptide-axis distance. After the
complete self-insertion of the peptide in BNNT, the distance
between the CoM of the peptide and the central axis of the
nanotube slightly fluctuated, which showed the stability of the
peptide in nanotube due to peptide-BNNT vdW interaction.

Figure 5B shows the alteration in the potential
energy of the peptide HA-FD-13 during the procedure
of encapsulation into the BNNT. It was seen that the
potential energy of the peptide decreased, which was in
favor of the self-insertion of the peptide. Moreover, the
continuous fluctuation of the potential energy in the
range from —50 Kcal-mol™' to 50 Kcal-mol 'for encap-
sulated peptide was due to and continuous conforma-
tional changes of the peptide in the cavity of the
nanotube under the effect of vdW.%’
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Figure 5 (A) The distance between the CoM of the peptide HA-FD-13 and the central axis of BNNT as a function of simulation time. (B) The potential energy of the

peptide HA-FD-13 in the BNNT-peptide complex as a function of simulation time.

The Release of the Encapsulated Peptide
HA-FD-13 Using the BNNT (14,14)

Besides the stability of the encapsulated peptide, the release
of the encapsulation process is another key parameter to
evaluate the nano-based drug delivery system. Therefore,
the release of the encapsulated peptide HA-FD-13 from the
BNNT (20,20) using the BNNT (14,14) was simulated.
Figure 6 demonstrates the snapshots of the release process
at various simulation times. The BNNT (14,14) was situated
at a distance of 2 A from the BNNT (20,20) to adjust their
z-axis. It can be observed that, as the BNNT (14,14) started
to enter into the BNNT (20,20), the peptide was released so
that the release process was completed at 83.8 ps. This
observation confirmed that the vdW interaction between
the BNNT (14,14) and BNNT (20,20) was stronger than
between BNNT (20,20) and the peptide so that the BNNT
(14,14) could act as a piston pushing the peptide outside the
BNNT (20,20). Moreover, when the encapsulated peptide
was released its structure changed to the initial conformation
(a-Helix) in the absence of CNT. This means that once this
peptide was released, it could serve as an antibiotic.

The changes of CoM distance between the peptide HA-
FD-13 and BNNT (20,20), peptide HA-FD-13 and BNNT
(14,14), BNNT (20,20), and BNNT (14,14) as a function
of simulation time are depicted in Figure 7A. Expectedly,
by entering the BNNT (14,14) into the BNNT (20,20),
their CoM was adjusted. The curves of the CoM distances
between the peptide and both nanotubes overlapped.
Moreover, the CoM distance between the BNNT (20,20)
and BNNT (14,14) decreased dramatically to the value of
zero. The changes of vdW energies between the BNNT
(20,20) and (14,14) during the simulation are illustrated in
Figure 7B. The sudden drop of the vdW energy between
nanotubes to the value of the —1300 Kcal-mol™' is in
excellent agreement with the self-insertion of the BNNT
(14,14) into the BNNT (20,20) and subsequently release of
the peptide.

Conclusion

In summary, the encapsulation process of the antimicrobial
peptide HA-FD-13 with the ID code of 2124 inside the
BNNT (20,20) was studied, followed by the release

Figure 6 Representative snapshots of the release of the encapsulated peptide HA-FD-13 using an armchair (14,14) BNNT at various times. For clarity, molecules of water

have not been shown.
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Figure 7 (A) the changes of CoM distance between the peptide HA-FD-13 and BNNT (20,20), peptide HA-FD-13 and BNNT (14,14), BNNT (20,20) and BNNT (14,14),
(B) vdW interaction energy between the BNNT (14,14) and BNNT (20,20) as a simulation time.

behavior of the encapsulated peptide using the BNNT
(14,14) and by employing the molecular dynamics simula-
tion. It was observed that the peptide-BNNT (20,20) van
der Waals (vdW) interaction energy and the normalized
center of mass (CoM) distance between the peptide and
the BNNT (d/dy) dwindled to the values of the —270
kecal-mol " and 0.3, respectively, at the end of the simula-
tion (15 ns). However, during the period of 0.2-1.8 ns,
when half of the peptide was inside the nanotube, the
encapsulation process was paused due to the energy barrier
in the vicinity of the BNNT and subsequently the self-
adjustment of the peptide. The obtained negative value of
—200.12 kcal'mol™' for free energy confirmed that the
insertion procedure occurred spontaneously. The changes
of the root mean square deviation (RMSD) showed that for
the duration of 1.6 ns, not only did the peptide not experi-
ence the intense conformational changes, it also did not
move toward the BNNT. After the peptide’s complete
encapsulation, the value of RMSD fluctuated in the speci-
fied range so that the aromatic rings of the peptide situated
parallel to the interior wall of the BNNT causing the strong
n—7 stacking interaction. The decreasing trend of the pep-
tide’s potential energy was in favor of the self-insertion of
the peptide inside the BNNT. In terms of the peptide
release, it was observed that, as the BNNT (14,14) started
to enter into the BNNT (20,20), the peptide was released
so that the release process was completed at 83.8 ps.
Moreover, the sudden drop of the vdW energy between
nanotubes to the value of the —1300 Kcal-mol ' is in great
agreement with the self-insertion of the BNNT (14,14)
into the BNNT (20,20) and subsequently release of the
peptide.
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