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Abstract
Encapsulation of chlorambucil, cyclophosphamide, and melphalan with (9,9) carbon nanotube was investigated in aqueous
solution. The structures were modeled in gas phase applying density functional calculations. Then, solvation free energies and
association free energies of considered structures in water were studied by Monte Carlo simulation and perturbation method.
Outcomes of gas phase study revealed that all three drugs can encapsulate into carbon nanotube. Monte Carlo simulation results
showed that electrostatic interactions play a crucial role in the intermolecular energies after encapsulation in aqueous media. It is
found that among three drugs, solvation free energy of chlorambucil was increased after encapsulation. Moreover, solvation of
carbon nanotube was enhanced after encapsulation of drugs which improve the pharmaceutical applications. Calculated associ-
ation free energies indicated that chlorambucil–carbon nanotube was the only stable encapsulated drug in aqueous solution.
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Introduction

Alkylating agents have been applied for the medication of differ-
ent cancers, such as leukemias and lymphomas.While efficiency
of alkylating agents is different, some of them have analogous
mechanisms. Their actions are affected on DNA directly,
resulting in its cross-linking and initiating DNA strand breaks,
causing abnormal base pairing, following to inhibit cell division
and finally resulting in cell death. Alkylating agents have capa-
bility to produce strong electrophiles by the formation of carbo-
nium ion intermediates or to yield transition complexes with the
objective molecules that covalently bind an alkyl group or a

substituted alkyl group to any nucleophilic structure, containing
the N-7 position on guanine, which is a main site of action [1].
When both alkyl groups bind with pairs of guanine residues, a
cross-linking of DNA is formed. Finally, the DNA sequence is
broken, and cell death.

The side effects of alkylating agent anticancer drugs are
permanent infertility due to decreasing sperm creation in
males and producing menstruation cessation in females, bone
marrow suppression, associated improved risk for infections
followed by decreasing host resistance nausea and vomiting
and reversible hair loss [2].

To reduce the toxic side effects of alkylating agents, various
attempts have been made. Limiting the amount of the drug, its
side effects can be reduced but all of the tumor tissue may not be
exposed to an appropriate dose of drug. To reduce side effects
and enhance efficiency of treatment, the use of nanomaterials as
drug delivery system in anticancer therapies has been investigat-
ed. Pharmacological properties of customary chemotherapeutics
can be developed by the use of nanocarriers for instance lipo-
somes (lipid-based nanoparticles) [3–5], micelles [6, 7], protein
[8], and polymers [9, 10]. They can interact to or encapsulate
therapeutic drugs (e.g., encapsulation of doxorubicin [11, 12] and
Paclitaxel [13] by liposomal). Nanocarriers can be freely extrav-
asated from circulation through vascular defects naturally
existing at tumor sites due to their small size (~ 100 nm or less)
[14] and then they can deliver encapsulated cytotoxic agents to
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tumor tissue. Carbon nanotubes (CNTs) are other nanomaterials
that have been applied as drug delivery systems and enhance-
ment of the treatment efficiency while reducing unfavorable side
effects to normal tissues. The properties of nanotubes can be
improved by adding of impurities. Mixed nanotube can be con-
sidered another vehicle for applications on nanomedicine. First,
principle studies of some compositions of hybrid BN/C [15]
nanotubes have revealed that surface distribution charge modify
in these nanotubes. Determination of structural, electronic, and
energetic properties of some compositions of hybrid boron
nitride/carbon nanotubes has indicated that these nanostructures
have low reactivity and high polarity that can be applied as drug
delivery system.

CNTs have many attractive properties, such as great me-
chanical strength, admirable electronic and chemical proper-
ties, high surface area, hollow cavities, and thermal stability
[1–7]. CNTs can be applied in several biological applications
for example drug delivery [16–19], tumor therapy [20], and
biosensors [21]. They can enter cells and deliver molecules
into the cytoplasm [22]. CNT labeled with a fluorescent agent
could be tracked into the cytoplasm or the nucleus of fibro-
blasts by epifluorescence and confocal microscopy [23].
CNTs have a high surface area for attachment of targeting
ligands, and also have an interior cavity which encapsulates
either therapeutic or diagnostic agents. Various substances
like anticancer drugs can be bind with CNT. To construct
CNT-drug nanocarriers, computational molecular modeling
has also been applied [24, 25]. Molecular dynamics simula-
tions have been indicated that a DNA structure could be load-
ed into CNT in aqueous solution [26]. It was indicated that van
der Waals interactions have important role in binding of DNA
and CNT.Molecular simulation studies on the structural prop-
erties of the interaction of CNTs with β-alanine and histidine
in water have been indicated that adsorption of these amino
acids can rise solubility of CNT [27]. Encapsulation behaviors
of cisplatin into CNT and BNNT in aqueous solutions have
been studied [28] by density functional calculation andMonte
Carlo simulation. Computed complexation free energies have
confirmed the stability of encapsulated drug [28].

Learning adsorption properties of carnosine loaded on CNT
was the aim of another research [29]. The possible bindings of
carnosine and CNT were concluded via quantum me-
chanical calculations of binding energies in gas phase.
Monte Carlo simulations have been applied for estimat-
ing solvation free energies. Interactions with carnosine
raise solubility of CNT and therefore decrease its toxic-
ity. Complexation free energies in water approve stabil-
ity of CNT-carnosine systems and eventually confirm
the great potential of CNT in the field of nanomedicine.

Anticancer gemcitabine drug has been loaded into CNTs
[30] in an alternative research. The results indicated great ac-
tivity toward lymph node metastasis in mice [30]. In another
study, camptothecin drug has been interacted with polyvinyl

alcohol-functionalized CNTs. In treatment of breast and skin
cancers, efficiency of the functionalized CNT has been ap-
proved [31].

In all mentioned researches, large inner volume of CNT,
capability of CNTs to enter into cells, and deep potential of
CNT interior [32–36] are the advantages of CNTs to encap-
sulate of drugs. On the other hand, side effects of anticancer
drugs can be reduced by encapsulating into CNTs. Therefore,
encapsulation of alkylating agent anticancer drugs into CNT
was the main purpose of this research.

In this study, chlorambucil, cyclophosphamide, and mel-
phalan were chosen as anticancer drugs which could be en-
capsulated into CNT. Density functional calculations were
applied to evaluate bindings in gas phase and then Monte
Carlo simulation method was used to determine solvation free
energies. Association free energies were also calculated in
physiological media to investigate the possibility of encapsu-
lation of these drugs into CNT.

Computational method

To deactivate the drugs until receiving cancer cells, CNT has
been used as a transporter. Therefore, capability of the CNT to
carriage of drugmolecules and also solubility of its compound
in physiological media has been considered. The vital concern
of this investigation was the study of bindings of drugs
(chlorambucil, cyclophosphamide, melphalan) and CNT in
aqueous solution and evaluation of interaction energies and
solvation of their compounds. The study contained two sec-
tions: (a) quantum mechanical calculation (QM) and (b)
Monte Carlo (MC) simulation. In the first section, QM, after
optimization of separated structures, binding energies of mol-
ecules were determined in gas phase. In the MC simulation
part, we focused on determination of solvation free energies
and association free energies in water.

QM

Optimization of CNT, drugs (chlorambucil, cyclophospha-
mide, melphalan), and drug encapsulated into CNT was orga-
nized by DFT/B3LYP [37–39] method and 6–31 G* [40, 41]
basis set.

To avoid dealing with asymmetry effects in the case of
non-chiral zigzag structures, the armchair (9,9) CNT with
378 atoms and the length of 24.916 Å was considered a drug
carrier in our research.

The electronic properties and chemical reactivity of CNTs
mainly depend on their chirality and curvature [42]. Zigzag
nanotubes act as semiconductors, whereas armchair nanotubes
indicate metallic behavior [43]. The electronic properties of
CNTs affect the adsorption of drug molecules. It has been
found that for CNTs with almost similar diameters, binding

870 Struct Chem (2021) 32:869–877



affinity of armchair nanotubes toward molecules is weaker
than zigzag counterparts [44, 45]. DFT calculations [44] have
been indicated that adsorption of pyrazinamide antitubercular
drug molecules onto (9,0) CNT represents higher binding en-
ergy than (5,5) CNT, whereas the release of drug inside the
biological environments from (5,5) CNT has been more pre-
ferred than (9,0) CNT due to its low adsorption energy [44].

By comparing of (5,5) and(9,0) CNT, it has indicated that
the frontier orbital of (5,5) CNT is delocalized along nanotube
side walls, whereas HOMO and LUMO of (9,0) CNT localize
along the edge states [44]. It has been proposed that the active
sites lie along nanotube edges of (9,0) CNT [46]. It has been
shown that the higher binding affinity of zigzag nanotubes
with respect to armchairs is due to the larger polarizability
values of zigzag nanotubes [45]. Furthermore, the outcomes
of comparing the various armchair and zigzag CNTs have
shown that the zigzag CNTs display higher HOMO energies
which leads to larger binding affinity with respect to those of
armchair CNTs [45].

Hence, we used armchair CNTs due to electronic properties
that induce lower interaction energies compared with zigzag
CNTs to facile drug releasing. Although it has been indicated
that energy difference between the zigzag and armchair CNT
complexes is lower than the flat systems [45], the chirality has
no significant effect on the interactions with drugs in compar-
ing with curvature of CNT.

Molecular structures of drugs are presented in Fig. 1. In
QM calculations, two ends of CNT were coated with hydro-
gens to accomplish a precise calculation to unlimited nano-
tube. Neutral charge was considered for CNT, drugs, and
CNT-drug complexes. All structures were stabilizedwith mul-
tiplicity 1 and neutral charge. Moreover, to confirm the correct
ground state of CNT and CNT-drug structures, multiplicity 3
was also examined. GAMESS-US quantum chemistry pack-
age [47] was implemented for all QM calculations.

MC

In this part, possibility of considered alkylating agent encap-
sulation into CNT in water media was studied. Metropolis
sampling [48] with NVT ensemble was applied in MC

simulation calculations. A rectangular box of dimensions
40 × 40 × 56 Å3 and about 3000 water molecules with density
of 0.993 g/cm3 at 298 K [49, 50] was used in simulations.
Dilute solutions of each solute were used. Each species was
immersed in the box and somewater molecules were snuff out
from box according to solute size.

On each MC cycle, a random selected molecule was trans-
lated (in the range of ± 0.13 Å) and rotated (in the range of ±
10°) arbitrarily using periodic boundary conditions with total
acceptance of 50% for produced configurations. Each separat-
ed run involved107 configurations which were extended to
reduce statistical error.

Total potential energy comprised intermolecular and intra-
molecular interaction energies. The intermolecular energies in
aqueous solution were containing of water–water and solute–
water interactions that both of them involve van derWaals and
electrostatic energies.

To model water–water interactions, transferable intermo-
lecular potential function (TIP3) [51, 52] was applied with
parameters q, A, and C for electrostatic, repulsive, and attrac-
tive van der Waals interactions respectively. Interactions be-
tween solute (CNT, drugs, and drug encapsulated CNT) and
water were distinct by Lennard-Jones potential for van der
Waals interactions (with parameters ε and σ) and Coulomb
potential for electrostatic interactions (with parameter q).
Lennard-Jones parameters for C (in CNT) [53] and drug
atoms [54] were implemented. The site-site LJ parameters
were attained by Lorenz-Berthelot combining rule [55].
Parameter q was determined through QM calculations in the
previous section.

Free energy perturbation (FEP) theory using Zwanzig
equation [56] was applied to estimate free energy variation:

ΔG A⟶Bð Þ ¼ GB−GA

¼ −RTLn < exp− EB−EAð Þ=RT > A

ð1Þ

The averaging (< >) is done over the ensemble cor-
responding to the initial state, A. Actually, a parameter
λ is introduced to the potential function and then free
energy is varied from initial to final configurations via a
set of related states.

Fig. 1 Structure of drugs. a Chlorambucil. b Cyclophosphamide. c Melphalan
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Solvation free energy (ΔGsolv(A)) is free energy differ-
ences of transporting a species (A) from gas phase to solution.
To compute solvation free energy by perturbation method,
free energy is calculated when a species is disappeared in
two phases (gas and solution phases):

ΔGsolv Að Þ ¼ ΔGgas A→0ð Þ−ΔGsol A→0ð Þ ð2Þ

In fact, the simulations were divided into a series of steps
where λ running from 0 to 1 with step size,Δλ, is equal to 0.1.

Association free energies of encapsulation of drugs into
CNT were calculated using thermodynamic cycle (Fig. 2).
By considering Eq. 2 and thermodynamic cycle, association
free energies (ΔGass(D - CNT)) were calculated by:

ΔGass D�CNTð Þ ¼ ΔGsol D→0ð Þ þ ΔGsol CNT→0ð Þ−ΔGsol D�CNT→0ð Þ ð3Þ

ΔGsol(D→ 0), ΔGsol(CNT→ 0), and ΔGsol(D − CNT→ 0) denote
free energy differences of disappearing drug ( ), CNT, and
drug encapsulated CNT in solution.

Results and discussion

QM

The aim of the QM part was the evaluation of binding affinity
of CNT and drugs in gas phase.

Earlier researches have indicated that interaction of CNT
and encapsulated drugs has been stronger than adsorbed drug
on the outer nanotube surface [57, 58]. Leonor et al. revealed
that encapsulated doxorubicin inside the nanotube exhibits
stronger intermolecular interactions than the outside [57]. In
fact π-π stacking was one of the important components of the
attraction of doxorubicin-CNT forces and nanotube exhibited
a dual strong interaction with the encapsulated drug. In anoth-
er research adsorption of oleuropein, a phenolic compound
with many biological activities, inside and outside the CNT,
has been studied by molecular dynamic simulation method
[58]. It has been revealed that interaction of CNT and

encapsulated oleuropein was stronger than outer surface. We
also considered encapsulation of drugs into CNT due to higher
binding energies of encapsulated drugs than surface adsorp-
tion reported in earlier researches. However, we examined one
of the drugs (chlorambucil) through surface functionalization
to confirm predominance of encapsulation rather than outer
surface adsorption. A systematic analysis has been done on
several orientation modes of the adsorption of drug on the
surface of CNT (Figure S1). According to our calculations
on the studied models, the binding energies for the adsorption
of chlorambucil on the outer surface of CNT are positive (see
Table S1) which indicate these complexes are energetically
unstable and therefore, encapsulation of drug into (9,9) CNT
is preferred.

We considered encapsulation of three nitrogen mustard an-
ticancer agents, chlorambucil, cyclophosphamide, and mel-
phalan, into (9,9) armchair CNT. As it is mentioned before,
neutral charge with multiplicity 1 and 3 was considered for all
studied structures. Resulting relative energies are found in
Table S2. The results approve the ground state of CNT and
CNT-drug structures with multiplicity 1.

Vibrational analysis was performed on the optimized struc-
tures and the character of stationary points was checked within
the harmonic approximation for CNT, drugs, and CNT-drug
complexes. No imaginary vibration frequencies were found
that confirm the stability of the obtained structures.

Optimized structure of chlorambucil-CNT compound is
displayed in Fig. 3.

Binding energy (Eb) was calculated according to the ex-
pression:

Eb BSSE correctedð Þ ¼ E CNT−Dð Þ− E Dð Þ þ E CNTð Þ½ �
þ BSSE ð4Þ

where E(CNT−D), E(D), and E(CNT) specified energy of
optimized individual structures of drug encapsulated CNT,
drug, and CNT respectively. The calculations were per-
formed with counterpoise corrections for basis set superpo-
sition error (BSSE) [59]. The results are presented in
Table 1.

CNT(g) + D(g)
D-CNT (g)

CNT (aq) + D(aq) D-CNT (aq)

ΔGb

ΔGsol ΔGsol
ΔGsol

ΔGass

Fig. 2 Thermodynamic cycle for
CNT-drug complex
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As it could be seen, BSSE corrected binding energies of
chlorambucil, cyclophosphamide, and melphalan complexes
with CNT were − 60.247, − 55.875, and − 64.157 kcal/mol
respectively, so melphalan was preferred to encapsulate into
CNT, although these QM results indicate that all three drugs
can encapsulate into CNT in the gas phase.

Susceptibility of encapsulation depends on reactivity of
drug and also steric factors [60]. Actually, different sizes of
CNTs have been tried before using (9,9) one. The steric hin-
drance of smaller CNTs induced smaller and positive binding
energy.

Apart from all mentioned researches that confirm the im-
portance of encapsulation, the significant advantage is the
total protection of the encapsulated drugs during transporta-
tion. By comparing of dipole moments in Table 1, it is con-
cluded that dipole moments of the drug are reduced after en-
capsulations. Therefore, the passage of the drugs through non-
polar cell membrane is facilitated.

In the QM part, probability of nitrogen encapsulation mus-
tard drugs into CNTs was studied. To evaluate the possible
encapsulation of the three anticancer drugs and CNT in aque-
ous solution and its applicability as drug delivery system, MC
simulation method was applied. The optimized QM structures

of drugs and their complexes with CNT were used as the
initial structures for MC simulations and also QM charges
have been used in subsequent simulation step.

MC

To evaluate encapsulation of considered drugs into CNT in
aqueous solution, total interaction energies were determined
initially. Accordingly, one molecule of solute (CNT,
chlorambucil, cyclophosphamide, melphalan, and their com-
plexes) was immersed in water and total energies were deter-
mined from MC simulations. Snapshot of configuration that
delivered fromMC simulation of pure CNT and chlorambucil
encapsulated CNT in solution is presented in Fig. 4. The fig-
ure provides qualitative arrangement of hydration shell around
CNT.

Total energy (Etot) in solution is elucidated by the sum of
the contributions of solute–H2O, H2O–H2O, and intramolec-
ular interaction energies.

MC simulation calculated energies are gathered in Table 2.
This table contains number of water molecules (NH2O) in the
box, energy contributions of solute–H2O interaction energy

Table 1 QM results in gas phase

Species Stoichiometry Dipole moment (Debye) Energy (kcal/mol) Binding energy
(kcal/mol)

Binding energy
(kcal/mol)
(BSSE corrected)

CNT C378H36 0.00 − 9,052,085.503
Chlorambucil C14H19Cl2N1O2 1.44 − 1,048,133.104
Cyclophosphamide C5H11Cl2N2O2P1 3.20 − 1,078,452.761
Melphalan C13H18Cl2N2O2 4.79 − 1,058,180.559
CNT-chlorambucil C392H55Cl2N1O2 0.42 − 10,100,281.300 − 62.697 − 60.247
CNT-cyclophosphamide C383H47Cl2N2O2P1 0.93 − 10,130,597.660 − 59.395 − 55.875
CNT-melphalan C391H54Cl2N2O2 1.27 − 10,110,333.490 − 67.428 − 64.157

Fig. 3 Optimized structure of
chlorambucil encapsulated into
(9,9) CNT
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(Esoln), electrostatic contribution, and van der Waals contribu-
tion in solute–H2O interaction energy.

The outcomes of MC simulations specified that total ener-
gy of pure CNT was less than CNT encapsulated with drugs.
Total energies of CNT drugs in solution were in the following
order: CNT-cyclophosphamide > CNT-melphalan >
chlorambucil.

Encapsulations of drugs into CNT enhance total interaction
energy by increasing electrostatic contribution in solute–H2O
interaction energy. In fact, interaction encapsulated drug with
tube wall increases atomic charge on CNT and therefore en-
hances electrostatic contribution in CNT–H2O interaction en-
ergy. van der Waals contributions in solute–H2O interaction
energies of CNT and drug encapsulated CNTs are the same
(Table 2). These results indicated that van der Waals interac-
tions do not affect intermolecular interactions after encapsula-
tion in water. These consequences are compatible with our
earlier research [28]. Simulation study of the encapsulation
of cisplatin into carbon nanotubes has also indicated that after
interaction of drug and CNT, electrostatic contributions were
increased, whereas van der Waals interactions did not alter.

Solvation free energies of CNTs, drugs, and their com-
plexes were computed using thermodynamic perturbation
and Eq. 5. Computed solvation free energies were offered in
Table 3. As it is presented, the order of solvation free energies
of drugs is as follows:

cyclophosphamide > melphalan > chlorambucil.
In charged systems, contributions of electrostatic interac-

tions in solute–H2O interaction energy are larger than van der
Waals. Therefore, it is predicted that solvation free energies of
these systems are considerable. Electrostatic contributions of
drug–water interaction energy of cyclophosphamide, melpha-
lan, and chlorambucil are − 117.905, − 27.158, and −
2.375 kcal/mol respectively (Table 2), so it is predictable that
solvation free energies must be in the same order. According
to these outcomes, cyclophosphamide is the most stable drug
in water. When it is interacted with nanotube, resultant com-
plex should be more stable than individual reactant in water to
support the possibility of reaction in aqueous solution.

Solvation free energies of cyclophosphamide, melphalan,
and chlorambucil encapsulated into CNT are − 191.728, −
155.883, and − 154.600 kcal/mol. Melphalan and

Fig. 4 Snapshot of the simulation
of a CNT and b chlorambucil–
CNT in aqueous solution

Table 2 MC simulation results (energies are in kcal/mol)

Species NH2O E Esoln Electrostatic
contribution in Esoln

van der Waals
contribution in Esoln

Drug contribution
in Esoln

CNT 2806 11.052- − 2.056 − 0.099 1.958- 0.000

Chlorambucil 2950 − 10.779 − 2.353 − 2.376 0.023 − 2.353
Cyclophosphamide 2956 − 166.957 − 160.823 − 117.905 − 42.929 − 160.833
Melphalan 2952 − 33.931 − 26.342 − 27.158 0.815 − 26.342
CNT-chlorambucil 2791 − 24.325 − 23.022 − 21.478 − 1.544 − 1.162
CNT-cyclophosphamide 2797 − 27.756 − 28.595 − 27.091 − 1.503 − 4.729
CNT-melphalan 2794 − 24.394 − 23.136 − 21.669 − 1.467 − 1.044
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chlorambucil complexes have the same solvation free energies
approximately and cyclophosphamide CNTs have a little
more solvation in water. In fact, encapsulation of these drugs
in CNT reduces their interactions with bulk water. Only outer
tube wall contacts with bulk water molecules directly.
Therefore, all drug CNTs exhibit the same solvation approx-
imately. Encapsulation of drugs into CNT is induced by atom-
ic charges on the tube wall and so enhanced solvation free
energy compared with pure CNT.

Association free energies were also calculated by using Eq.
4 and the results were also presented in Table 3. As it is seen,
association free energy of interaction of chlorambucil and
CNT is negative. Thus, only this alkylating agent can be en-
capsulated into CNT in aqueous solution. Actually, the encap-
sulation of cyclophosphamide and melphalan into CNT is
unspontaneous in solution. This evidence is due to high sta-
bility of these two drugs in water. Actually, cyclophospha-
mide and melphalan do not incline to encapsulate into nano-
tube that will be produced by lower stable compounds. It
should be a reminder that electrostatic energy has the main
contribution in drug and H2O interactions. By considering the
data in Table 2, higher electrostatic interactions of cyclophos-
phamide and melphalan with water (50 and 11 as much than

chlorambucil respectively) induced higher stability of these
drugs in water, whereas electrostatic interaction energies of
all three drug-CNT compounds and water are the same.
Therefore, chlorambucil can encapsulate into CNT due to
suitable solvation free energy and association free energy.
Consequently, CNT can act as a substantial applicant for en-
capsulation of this drug in aqueous solution.

In order to evaluate distribution of water molecules inside
and outside the nanotube, radial distribution functions were
also computed.

Radial distribution function (RDF, g(r)) is determined as
the relation of local density at the distance r from the central
axis of nanotube (ρ(r)) to the bulk density. It is a recognizable
property which illustrates the configuration of fluid phase.

RDFs of pure CNT and chlorambucil capsulated CNT are
presented in Fig. 5. These graphs compare g(r) of H2O mol-
ecules versus r (distance from the nanotube central axis). The
CNTs inside and outside the diagrams are separated by a
dashed line. RDF graphs of CNT inside include two peaks,
which is located at the center of the nanotube and about 3 Å
from the central axis. As it is seen, central peak of pure CNT is
higher than capsulated CNT. Since drug is located at the cen-
ter of the nanotube, density of water molecules in capsulated
CNT is lower than pure CNT.

RDF diagrams outside the pure CNT include two peaks
which indicate the first and second shell-like of solvent mol-
ecules around the exterior of the nanotube. Outside diagrams
of capsulated CNT have three peaks. The first peak occurs
closer to the surface than that of the pure CNT. Actually,
atomic charges due to encapsulation caused more solubility
of capsulated CNT which enhance RDF around the CNT.
Therefore, solvent molecules within the shells point to each
other and produce wider peak than pure CNT. Moreover, en-
capsulated CNT indicates another peak at about 8 Å from
CNT surface which corresponds to a third layer of solvent
molecules. As it is seen, RDF of pure CNT shows limit of

Table 3 Solvation free energies (ΔGsol) and association free energies
(ΔGass) of drugs–CNT compounds

Species ΔGsol (kcal/mol) ΔGass (kcal/mol)

CNT − 18.927
Chlorambucil − 12.886
Cyclophosphamide − 1048.580
Melphalan − 208.243
CNT-chlorambucil − 154.600 − 122.787
CNT-cyclophosphamide − 191.728 1568.781

CNT-melphalan − 155.883 105.161

Fig. 5 RDFs of water molecules
from the center of nanotube. a
CNT (9,9). b CNT-chlorambucil
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bulk water at distance larger than 7 Å from surface, whereas in
encapsulated CNT, water molecules adopt the bulk structure
at about 9 Å due to more hydrophilicity.

Conclusions

Potential usage of CNTs as drug transporter of alkylating
agent anticancer drugs was studied in this research.
Encapsulation behavior of chlorambucil, cyclophosphamide,
and melphalan into inner volume of (9,9) CNT was consid-
ered in solution. In the CNT, three alkylating agent drugs and
their complexes were first optimized by QM calculations and
then association free energies of the structures in water were
calculated using MC simulation.

DFT results revealed that all three drugs could encapsulate
into CNT in the gas phase. To evaluate the actual application
of CNT to transport these drugs in biological systems, encap-
sulation in aqueous media was the main purpose of this
research.

Monte Carlo simulation consequences indicated that
encapsulation of drugs into CNT enhance total interac-
tion energy of nanotube by increasing electrostatic inter-
actions. Computed solvation free energies also revealed
enhancement of solvation of CNT after interacting with
drugs. However, solvation free energy of cyclophospha-
mide and melphalan decreased after complexation with
CNT. Encapsulation of chlorambucil into CNT enhanced
the solvation free energy and also stability of this drug
in physiological media. Moreover, computed association
free energies indicated that among the three drugs,
chlorambucil could only encapsulate into CNT. Hence,
it is predicted that CNT is the ideal drug transporter
system for chlorambucil to carry it to target cells.
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