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Original Research Abstract:

Received: In this study, the adsorption process of Lenalidomide (LEN) anticancer drug on carbon nanotubes (CNTs)
1 November 2024 with different chiralities was studied using molecular dynamics (MD) simulations. Chirality effects of CNTs
gj‘;‘;jir 2025 (zigzag (10,0), chiral (10,5) and armchair (10,10)), their functionalization with carboxylic functional groups
Accepte d:y and solubility were investigated. Results showed that the interaction strength of LEN/water molecules with
6 February 2025 CNTs and f-CNTs (carbon nanotubes functionalized with carboxylic functional groups) was as a function of
Published online: chirality. LEN molecules were considerably adsorbed on the f-CNT surface with (10,10) chirality which was
1 June 2025 recognized via the most negative van der Waals (vdW) energy and the greatest number of atomic contacts

(nAC). Moreover, the number of hydrogen bonds (nHBs) between f-CNT (10,10) and solvent molecules was
higher than for the other f-CNTs. The highest value of solvent accessible surface area (SASA) 45 nm? for
the f-CNT (10,10) compared with the other CNTs confirmed that armchair f-CNT had larger surface area
accessible for interacting with the solvent. The functionalization of CNTs led to a decrease in solvation free
energy (AGg,) and an increase in SASA which resulted in better solubility of f-CNTs in water. Based on the
finding, f-CNTs were proposed highly efficient candidate for drug delivery.
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provided the original work is prop-
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1. Introduction Traditional therapies for treatment of MM were based on
cytotoxic or antiproliferative agents such as mephelan and
doxorubicin [3]. More specifically targeted therapies such
as imatinib (ABL), the small-molecule inhibitors, and mon-

oclonal antibodies, rituximab (CD20), and alemtuzumab

Lenalidomide (LEN) under the brand name Revlimid, a
thalidomide analogue, is an immunomodulatory agent with
antiangiogenic and antineoplastic properties. The chemical

name is 3-(4-amino-1-oxo 1, 3- dihydro-2H-isoindol-2-yl)
piperidine-2,6-dione. The Lenalidomide (LEN) drug chemi-
cal structure and characteristics is presented in (figure 1, and
Table 1). It’s widely used to treat various cancers such as
multiple myeloma (MM), chronic lymphocytic leukaemia
(CLL), prostate cancer, renal cancer, pancreatic cancer,
myelodysplastic syndromes (MDS) and advanced ovarian
cancer [1, 2]. MM is a form of blood cancer, specified by
the accumulation of a plasma cell clone in the bone marrow.

(CD52) are also available for MM. However, all of the
agents have single modes of action, which although effec-
tive, target few of the pathways that are involved in these
diseases [4]. The requirement for multi-modal therapy in
these diseases has resulted in the trial of agents such as
thalidomide and its analogues such as lenalidomide, which
are anti-metastatic, anti-angiogenic and also augment anti-
tumor immunity [5]. LEN can cause significant neutropenia
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Figure 1. The chemical structure of Lenalidomide (LEN) drug.

and thrombocytopenia [6]. LEN has indicated significant
improvement in overall survival for myeloma (that gener-
ally carries a low prognosis), however toxicity remains a
problem for patients [7]. Due to its low solubility in wa-
ter, LEN has low oral bioavailability (below 33%), and as
a direct result of this, the frequency of dosing increases,
thereby increasing the risk of toxicity. Also, low efficiency,
poor membrane permeability, short in-vivo half-life (3 — 4
h), and severe side effects like anemia or leukopenia have
led to research on its nano delivery approach. Besides, only
20% of the oral dose is effective, and the rest is rapidly
excreted via urine, which explains the need to adjust its
dose, which has a higher risk of side effects in the renal
system [8]. Therefore, a controlled drug delivery to the
tumor microenvironment could mitigate these issues.
Nowadays, drug delivery has been used as a new method
to directly send anticancer drugs to target tissues for reduc-
ing the side effects of drug toxicity. Controlling the rate
and/or the location of drug release, facilitating drug absorp-
tion and increasing drug efficiency are the main concerns
in utilization of drug delivery systems (DDSs) [9]. Re-
cently, molecular dynamics (MD) simulations, and density
functional theory (DFT) method compute a wide variety of
properties of almost any kind of atomic system: molecules,
crystals, and surfaces, the field of medicine has benefited
a lot from this technology [10-12], and one of its popular
examples is the introduction of various types of nanopar-
ticles as drug delivery systems and drug release systems
in general [13, 14]. By precisely delivering medication to
specific targets at predetermined times, this new system
offers superior efficacy and safety compared to traditional,
systemic drug administration [15].

Nano-carriers have been extensively studied over the past
decades and are designed to improve clinical efficiency
while reducing the toxicity associated with traditional intra-
venous administration methods. Moreover, they have shown
promising results in drug delivery [16—18]. Nanotube-based
drug delivery systems have received considerable attention
due to their salient features, such as high surface area to vol-
ume ratio for encapsulating different drugs and their ability
to penetrate into cells, tissues and bacteria due to their open
ends. Therefore, it is important to understand drug-nanotube
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interactions in order to evaluate drug encapsulation behavior
in nanotubes [19-22]. Drug encapsulation inside the nanos-
tructure is challenging because not only does it need to
carry the drug without any chemical modification, but also
it is necessary for releasing the drug near the cancer cells.
Various nano-carriers have been approached for targeted de-
livery of LEN in cancer therapy with promising results over
the past few decades, including Gold, Lactoferrin, PLGA
(Poly-lactic-co-glycolic acid) and chitosan nanoparticles as
a carrier for the LEN delivery [23-26]. The investigated
B-cyclodextrin oligosaccharides as nanocarrier for LEN
anticancer [27]. Also, the conducted density functional
theory (DFT) and TD- DFT calculations to understand the
adsorption mechanism of LEN anticancer on B;,N, nan-
ocluster surface [28]. The results revealed that the LEN
adsorption from the O1 on the B{2Nj> nanocluster leads to
higher electrical conductivity than the other active sites. The
results revealed that the LEN adsorption from the oxygen
atom on the B12N, nanocluster leads to higher electrical
conductivity than the other active sites. They showed that
the interactions are mostly non-covalent in nature. Their
findings indicated that the B12N15 could serve as a suitable
biomedical carrier for delivering the LEN drug.

Numerous theoretical have explored the interactions be-
tween anticancer drugs and the CNTs and f-CNTs using
MD simulations and DFT calculations [29-33]. As can be
seen, most of the studies conducted in the field of LEN
drug delivery have been done with DFT methods. Thus the
present study investigates the interaction of LEN molecules
with the CNTs and f-CNTs using MD simulation. It is
proved that one of the most effective carriers for DDS are
carbon nanotubes (CNTs) [34]. CNTs possess a remarkable
ability to transport molecules across cell membranes due to
their very high specific surface area [35, 36]. However, the
CNTs are chemically neutral in nature and insoluble in wa-
ter. Covalent or noncovalent functionalization is performed
to dissolve them in water. These corrections may change
the CNT nature, such as the solubility, reducing toxicity
and tumor retention [37, 38]. According to the studies, no
simulation has been done with these structures are CNTs
and f-CNTs.

In this research, we conducted a detailed investigation and
comparison of the adsorption behavior of the LEN drug on
the surface of both CNTs and f-CNTs. The MD simula-
tions were performed to study the effects of chirality and
carboxylic functional groups on the vdW interactions and
HBs between LEN molecules and the CNT/f-CNTs. Fur-
thermore, we completely studied the influence of carboxylic
functional groups and chirality on solubility of CNTs in
solvent. The main aim of this work was to propose a suit-

Table 1. Characteristics of Lenalidomide (LEN) drug.

Drug

Lenalidomide (LEN)

Chemical formula
Molecular weight
IUPAC name

Floor

C13H13N303
259.265 (g mol~1)

3-(4-Amino-1-oxo0-1,3-dihydro-2H-isoindol-2-(3RS-yl) piperidine-2,6-dione)

Anticancer
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able DDS for LEN that has good solubility in water, thereby
improving LEN bioavailability and reducing its toxicity.

2. Experimentals

2.1 Simulation details

In this paper, the MD simulations were used to study the
effects of chirality and carboxylic functional groups on
the interaction of LEN drugs with both CNTs and f-CNTs.
Details of the simulated systems were shown in (Table 2,
and Fig. 2). Three kinds (zigzag (10,0), chiral (10,5) and
armchair (10,10)) of CNTs, which were built using the
Charmm-gui (50) online server were chosen [39]. For con-
structing f-CNTs, 24 carboxyl functional groups were ran-
domly attached to both ends and walls of CNTs (4 carboxyl
functional groups were placed at each end of the nanotubes
and 16 carboxyl groups were placed on the surface of the
nanotubes). The MD simulations were conducted applying
Gromacs software [40], with CHARMM?36 force field [41].
The calculations were performed using a 32-core virtual
processor and 64GB of RAM under the Linux operating
system. In each simulation system, one nanotube molecule
(CNT or f-CNT) and five drug molecules were randomly
placed inside a cubic box with dimensions 6 x 6 X 6 nm
subjected to periodic boundary conditions in all dimensions.
The studied systems were completely hydrated by solvent
molecules utilizing the single point-charge TIP3P model
[42]. In drug adsorption onto the CNTs and f-CNTs, all
heavy atoms of the f-CNTs/CNTs were fixed at their posi-
tion by applying an imaginary spring with a force constant
of 1000 kJ.Mol~!.Nm~2 where the functional groups were
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allowed to relax but the water molecules could move freely
in the simulation box. To keep the bonds between hydrogen
and heavy atoms at their equilibrium length, the LINCS
algorithm was used. For calculating long-range electro-
static interactions, Particle-Mesh- Ewald (PME) method
was applied [43]. The grid algorithm was used to search for
neighboring grid cells during the PME calculations. After
ensuring that the simulation cells had achieved equilibration,
by energy minimization using steepest descent algorithm,
the temperature was kept constant (310 K) in the NVT en-
semble for 20 ns and then pressure (1 bar) and density were
kept constant in the NPT ensemble for 20 ns. Finally, the
simulations were carried out at a constant temperature of
310 K and a pressure of 1 bar using the Berendsen barostat
method [44]. The time step for the simulation was set at 2
fs. The simulation systems were neutral, meaning they had
a net charge of zero and their dynamics was simulated for
50 ns.

3. Results and discussion

3.1 Equilibrium state

In this research, the stability of simulation systems was
studied using root- mean- square deviation (RMSD) curves:
(10,0), (10,5) and (10,10) CNTs and f-CNTs with five LEN
drug molecules in the solvent [43, 44]. RMSD represents
the mean displacement of a molecule during the simulation
time relative to the reference structure at the start of the
simulation. The findings showed that all systems attained
an equilibrium state after 1ns, as shown in Fig. 3.

Table 2. Details of the simulated systems.

Name | #of atoms | Diameter (nm) | Length (nm)
(10,0) 360 ~ 0.765 ~3.57
CNT | (10,5) 440 ~1.032 ~ 3.355
(10,10) 600 ~ 1.37 ~3.52
(10,0) 448 ~ 0.765 ~3.75
f-CNT | (10,5) 538 ~1.032 ~ 3.355
(10,10) 688 ~1.37 ~3.52

s

s =

Figure 2. Functionalized nanotubes with carboxyl functional groups (f-CNTs), and CNTs with different chirality used in this study.
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Figure 3. RMSD curves of LEN/f-CNTs and LEN/CNTs systems with
different chiralities as a function of the simulation time.

3.2 Radius of gyration (Rg)

One of the suitable parameters to investigate the rate of
accumulation of ligand molecules is to check the changes
in the Rg of the drug molecules during the simulation time.
As we know, Rg reduction indicated more accumulation of
ligand molecules in one area. A higher Rg implied higher
dispersion of the molecules. In this study, the decrease in the
Rg values in the shortest time from the molecular dynamics
simulations indicated the high rate of drug accumulation
around f-CNTs/CNTs. The Rg plots in Fig. 4 showed drug
molecules accumulated around the CNTs after about 3 ns,
and the Rg values reached about 2 nm in each simulation.
While, in the presence of f-CNTs, the Rg values reached
about 2.6 nm in the same time (3 ns). As can be seen from
the Figs. 4 (a, b), the Rg values in the presence of all CNTs,
especially CNTs (10,10) and (10,0) (Fig. 4 (a)), and in the
presence of f-CNTs (10,10) and (10,5) (Fig. 4 (b)), had a
considerable decreasing trend at the most simulation times
and at the end of the simulation, it reached an approximate
value of 1nm, which indicated more accumulation of drug
molecules around the mentioned f-CNTs/CNTs. In addition,
Rg fluctuations were more intense in presence of f~-CNTs
than CNTs. The possible reason for high fluctuations of
Rg in f-CNTs could be the presence of carboxyl functional
groups on the nanotube surfaces, as a result of which the
drug molecules could not fully interact with the nanotube
surfaces and a part of the drug molecules was free.

3.3 Radial distribution functions (RDF)

The RDF analysis provided valuable insights into the ad-
sorption process of LEN on the surfaces of f-CNT and CNT
in water. The RDF plots in Figs. 5 (a, b) showed sharp
peaks that exhibited strong interactions between LEN and
f-CNTs/CNTs. Based on the findings, the main interactions
between LEN molecules and f-CNTs/CNTs were observed
at distance ranging approximately 0.5 — 1.9 nm, and the
highest level of interactions between the adsorbed drugs
and the nanotube surfaces were at 0.6 nm. It was found that
the strength of the RDF profile between the CNTs and LEN
(Fig. 5 (a)) molecules was higher than the RDF magnitude
in the f-CNTs (Fig. 5 (b)) and the functionalization of CNTs
has only increased RDF value in armchair nanotube (10,10)

Dehghan et al.

[45, 46]. The sharp peaks in CNTs were likely a result of
7 — 7 stacking (pi-stacking) interactions between aromatic
rings of LEN molecules and the sidewalls of CNTs and also
the formation of a few Pi-donor interactions between amidic
groups of LEN and CNT sidewalls (Fig. 6). In this regard,
carboxylic functional groups in f-CNTs could be considered
as a barrier to establish pi-stacking interactions between the
nanotube and the drug.

Additionally, the most intense peaks were observed in the
CNT (10,0) and f-CNT (10,10) systems which showed that
these systems had more interactions with LEN than the
other ones. The probable reason of high RDF value for
f-CNT (10,10) might be penetration of two drug molecules
into the nanotube and the participation of both internal and
external sidewalls of f-CNT in pi-stacking interactions with
the drug molecules (Fig. 7) [47, 48].

To comprehend the molecular orientation of LEN adsorbed
on CNT (10, 0) and f-CNT (10, 10) with the most intense
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Figure 4. Radius of Gyration of LEN drug molecules around CNTs (a)
and, f-CNTs (b) with different chiralities in the simulation systems.
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Figure 5. RDF of LEN drug molecules around CNTs (a) and f-CNTs (b)
with different chiralities in the simulation systems.

RDF peaks and role of LEN (Fig. 8 (a)) different parts in the
interaction with the surfaces of the mentioned nanotubes,
the atomic RDF diagram was used. For this reason, the
LEN molecule was divided into two parts and two atoms
from each part were chosen as representatives of each Part
(C; and Nj as representatives of part 1 and N3 and Cy; as
representatives of Part 2) (Figs. 8 (a, b, c)). It was observed
that the sharp peaks for atomic representatives of aromatic
rings in CNT (10,0) were located at 0.5 — 1.2 nm, while
the sharp peaks for atomic representatives in f-CNT (10,10)
were located between 0.40 and 1.7 nm (Figs. 8 (b, ¢)). In ad-
dition, the RDF values between the f-CNT/CNT and atomic
representatives of part 1 were significantly higher than the
RDF magnitude of atomic representatives of part 2. These
results showed that LEN molecules interacted with the f-
CNT/CNT surface from the side of part 1 and adsorbed on
their surfaces.

3.4 The van der Waals energy

The energy values of vdW interactions between the LEN
molecules and both CNTs and f-CNTs were computed and
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presented in Figs. 9 (a, b). As all the partial charges of the
atoms in LEN molecules and the f-CNTs/CNTs have been
set to zero, the electrostatic interactions did not participate
in the overall interaction energy. Consequently, the MD
descriptions of the interactions between f-CNTs/CNTs and
LEN molecules were determined solely by vdW interac-
tions and HBs. The curves illustrated that functionalization
of CNTs increased vdW interactions in armchair and chiral
nanotubes [38, 47, 48]. The strength of interaction between
LEN molecules and f-CNTs/CNTs depended on the nan-
otube chirality. The trend of the vdW interactions between
LEN molecules and f-CNTs and CNTs was similar and it
followed the order of (10,10) > (10,5) > (10,0) at the cor-
responding simulation systems. But, their fluctuations were
more intense in f-CNTs than CNTs. Fig. 9 (b) showed that
in the CNT/f-CNT (10,0), the vdW interactions were weaker
than other systems, and at 32 ns and 47 ns of simulation
time, the vdW energy values for f-CNT (10,0) were close to
zero. The reason for this observations could be desorption of
two drug molecules from the f-CNT (10,0) surface (Fig. 10)
at the mentioned times. Furthermore, the highest vdW in-
teractions between drug molecules and f~-CNT (10,0) were

Figure 6. The pi-stacking interactions between aromatic rings of LEN
molecules and CNT sidewalls along with Pi-donor interactions between
amine groups of LEN molecules and CNT sidewalls.

L
i

Figure 7. The interaction of drug molecules with different parts of f-CNT
(10,10) at the end of simulation.
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Figure 8. RDF of atomic representatives of different parts of (a) LEN molecule, (b) LEN molecules around CNT (10,0), (¢) LEN molecules around

f-CNT (10,10) in the simulation systems.

observed at 20 ns and 40 ns when all five drug molecules
adsorbed on the f-CNT surface. On the other hand, the
vdW interactions in the CNT (10,10) and f-CNT (10,10)
systems were stronger compared to the other systems. It
could be concluded that in the mentioned systems, the LEN
molecules with stronger affinity interacted more favorably
and formed more stable LEN/f-CNT, LEN/CNT complexes
than f-CNT/CNT (10,0) and f-CNT/CNT (10,5) models. In
this regard, the encapsulation of two drug molecules into
f-CNT (10,10) led to a considerable decrease in vdW en-
ergy at 37 ns to the end of simulation and vdW energy value
reached about —500 kJ/mol at the end of simulation (Figs. 9,
10, and Fig. 11).

3.5 The nAC and hydrogen interactions

Figs. 12 (a, b) showed that by starting the simulation and ap-
proaching drug molecules to the f-CNTs/CNTs surfaces,
the nAC starts to increase. By adsorption of drugs on
f-CNTs/CNTs surfaces, the nAC in all systems signifi-
cantly increased. The curves showed that functionalization
of CNTs increased considerably nAC between the LEN
molecules and armchair and chiral nanotubes which indi-
cated that carboxylic functional groups played a significant

CNTE O
— CNT(I05)
" O 0,10}

Energy (kJimol)
.

b5 I 15 M % 30 3% 4 45 &0
Time (psh

role in increasing the interactions between drug molecules
and the mentioned nanotubes and as a result drug adsorp-
tion on them. The nAC between the LEN molecules and
f-CNTs/CNTs was as a function of chirality. The trend
of changes in the nAC between LEN molecules and f-
CNTs/CNTs was similar and it followed the order of (10,10)
> (10,5) > (10,0) at the corresponding simulation systems.
But, their fluctuations were more intense in f-CNTs than
CNTs. As the result presented in Figs. 12 (a, b), the maxi-
mum nAC for the LEN/CNTs systems belongs to the f-CNT
and CNT with chirality (10,10) and at the end of simulation,
the nAC for CNT (10,10) and f-CNT (10,10) were about
3000 (CNTs) and 5000 (f-CNTs), respectively. On the other
hand, in the CNT/ f-CNT (10,0), the nAC were lower than
other systems, and at 32 ns and 47 ns of simulation time, the
number of them for f-CNT (10,0) was close to zero. In ad-
dition, the highest atomic contacts between drug molecules
and f-CNT (10,0) were observed at 20 ns and 40 ns when all
five drug molecules adsorbed on f-CNT surface (Fig. 10).

There was an excellent correlation between the nAC and
vdW energy values during the simulation time indicating
that by increasing the nAC between drug molecules and
nanotubes, vdW interactions between drug molecules and

= fLNTI0H
[CNTI10.5)
TCNTIUD 0

Energy (k1imal)

0 5 T N
Tiene (s

Figure 9. The energy values of vdW interactions (a) LEN molecules and, CNTs (b) LEN molecules and f-CNTs, with different chirality as a function of

simulation time.
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50 ns

f-CNT(10,5)

Figure 10. Schematic snapshots according to the interaction of LEN molecules with f-CNTs at five different times of simulation: 10 ns, 20 ns, 30 ns, 40

ns and 50 ns.

nanotubes were stronger and the vdW energy of these inter-
actions decreased.

In this research, for more clarification of the functional
groups and chirality effects on the drug adsorption, the
nHBs between carboxylic functional groups of f-CNTs and
LEN molecules were computed. Based on the results of
theoretical and experimental research, HBs can improve
the capacity of absorbance and enhance the drug stability
[30]. Figs. 13 (a, b, c) represented that all f-CNTs formed
HB bonds extensively with LEN molecules during simula-
tion time. Maximum nHBs between LEN and chiral and
zigzag f-CNTs were 5 and the maximum between armchair
f-CNT and LEN were 4. But, armchair f-CNT formed HBs
with LEN molecules earlier than other f-CNTs and after 1
ns from the starting simulation time. The results showed
that from 30 ns to the end of the simulation time, the trend
of changes in the nHBs between f-CNT (10,10) and drug
molecules was a decreasing trend. The reason for this ob-
servation could be the encapsulation of two drug molecules
inside the f-CNT (10,10) and their far away from the car-
boxylic functional groups. On the other hand, the trend
of changes in the nHBs between f-CNT (10,5) and drug

molecules from 30 ns to the end of the simulation time was
an increasing trend. The reason for this observation could
be the adsorption of all five drug molecules on the f-CNT
(10,5) surface at the mentioned time range.

3.6 Solubility

Various factors, such as the nHBs formed between f-CNT
and water molecules, SASA and AGg,) have been computed
to investigate the effects of chirality and functional groups
on the solubility of CNTs. The study revealed that in the
examined systems, intermolecular HBs could potentially
be established between heteroatoms present in f-CNTs and
water molecules [49]. Figs. 14 (a, b) showed the intermolec-
ular HBs formed between f-CNTs with different chiralities
and water molecules. At the beginning of the simulation,
the nHB interactions was about 66 interactions on average,
and with the continuing the simulation, the number of inter-
actions decreased and reached about 60 interactions in all
three of the f-CNTs in around 20 ns. The possible reason for
this reduction could be explained by the formation of HB
interactions between the drug molecules and the f-CNTs,
which has broken a nHBs between the water molecules
and the f~-CNTs. Furthermore, the graphs indicated that the
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Figure 11. Schematic snapshots according to the interaction of LEN molecules with CNTs at five different times of simulation: 10 ns, 20 ns, 30 ns, 40 ns
and 50 ns.

nHBs between the water molecules and the f-CNT (10,10)  the trend of changes in the nHBs between f-CNT (10,10)
system were higher than the other f-CNTs. The graphs rep-  and water molecules was an increasing trend. The reason
resented that from 25 ns to the end of the simulation time,  for this observation could be the encapsulation of two drug
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Figure 12. The nAC between (a) LEN molecules and CNTs and, (b) LEN molecules and f-CNTs, with different chiralities as a function of simulation
time.
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with different chiralities as a function of simulation time.

molecules inside the f-CNT (10,10) and the availability of
more carboxylic functional groups to form hydrogen bonds
with water molecules. Therefore, armchair f-CNTs not only
enhanced drug adsorption capacity but also had higher solu-
bility in aqueous medium than other f-CNTs.

The SASA refers to the part of a compound’s surface that
can come into contact with solvent molecules. In Fig. 15 (a),
the hydrophobic SASA was depicted for all simulation sys-

tems. The results showed that the functionalization of CNTs
has increased SASA in all cases, and the lowest increase
in SASA value was observed in CNT (10,0). The trend of
SASA changes during the simulation time in f~CNTs and
CNTs was similar and it followed the order of (10,10) >
(10,5) > (10,0) at the corresponding simulation systems.
The highest value of SASA (45 nm?) for the f-CNT (10,10)
compared to other CNTs confirmed that the armchair f-CNT
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Figure 14. (a) The nHBs between water molecules and f-CNTs with different chiralities, (b) The average nHBs in f-CNTs with different chiralities during

the simulation time.
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Figure 15. (a) SASA for CNTs and f-CNTs and, (b) AG for CNTs and f-CNTs with different chiralities as a function of simulation time.

system provided more surface area available for interaction
with water molecules.

One of the significant advances in theoretical chemistry was
the accurate calculation of the solvation free energy (AGgo)
of molecules. AGy for f-CNTs/CNTs was computed and
presented in Fig. 15 (b). The results showed that the func-
tionalization of CNTs has decreased AGy in all cases, and
the highest decrease in AG,) value was observed in f-CNT
(10,0). The trend of the AGy values in f-CNTs followed
the order of (10,10) > (10,5) > (10,0) at the simulation
systems which corresponds to the order of f-CNTs polarity.
The findings from the nHBs, SASA and AG,, showed that
functionalization of CNTs increased their polarity and sol-
ubility. Moreover, these factors confirmed that the f-CNT
(10,10) system exhibited the highest solubility among the
investigated systems.

From the total results obtained in this study, it can be stated
that the observed adsorption process between LEN and f-
CNTs/CNTs was attributed to interactions such as T — 7
stacking, hydrogen bonding, and van der Waals forces.
Therefore, our results were in good agreement with the
results reported in similar studies [28, 50].

4. Conclusion

MD simulations were used to investigate the adsorption
mechanism of anticancer LEN drug in different positions
on the surfaces of (zigzag (10,0), chiral (10,5) and armchair
(10,10)) f-CNTs/CNTs with various chirality. RDFs, vdW
energies, the nAC and nHBs between f-CNTs/CNTs and
LEN/water molecules were studied to analyze effects of
chirality and carboxylic functional groups. The results
represented that the interaction strength of LEN/water
molecules with both CNTs and f-CNTs was a function
of chirality. The main interactions between LEN and
f-CNT/CNT (10,0) were © — & stacking and HBs inter-
actions, while f-CNT/CNT (10,10) widely formed all
three types of m — 7 stacking, vdW and HBs interactions
with LEN. Functionalization of CNTs with carboxylic
functional groups also played a vital role in increasing vdW
interactions and the stability of nanotubes, their polarity

and solubility in water, and increasing nAC between the
drug molecules and CNTs. In particular, functionalizing the
CNT (10,10), in addition to increasing the drug adsorption
capacity on this nanotube, also created the ability for drug
molecules to spontaneously encapsulated inside nanotube
during the simulation time. Encapsulation of two LEN
molecules in f-CNT (10,10) increased the stability of the
LEN-f-CNT complex by significantly reducing the vdW
energy and increasing nAC between drug and the nanotube.
In addition, this phenomenon increased the nHBs between
f-CNT (10,10) and water molecules and increased the
solubility of the nanotube.

Therefore, based on the simulation results in this work, we
proposed f-CNT (10,10) as a suitable potential candidate
for LEN delivery. In future studies, the role of drug-drug
interactions during drug adsorption and encapsulation
processes, as well as drug release from the surface and
inside nanotubes, can be investigated using MD simulations
and DFT methods.
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