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Abstract: Nanotechnology based drug delivery systems for cancer therapy have been the topic
of interest for many researchers and scientists. In this research, we have studied the pH
sensitive co-adsorption and release of doxorubicin (DOX) and paclitaxel (PAX) by carbon nanotube
(CNT), fullerene, and graphene oxide (GO) in combination with N-isopropylacrylamide (PIN).
This simulation study has been performed by use of molecular dynamics. Interaction energies,
hydrogen bond, and gyration radius were investigated. Results reveal that, compared with fullerene
and GO, CNT is a better carrier for the co-adsorption and co-release of DOX and PAX. It can adsorb the
drugs in plasma pH and release it in vicinity of cancerous tissues which have acidic pH. Investigating
the number of hydrogen bonds revealed that PIN created many hydrogen bonds with water resulting
in high hydrophilicity of PIN, hence making it more stable in the bloodstream while preventing from
its accumulation. It is also concluded from this study that CNT and PIN would make a suitable
combination for the delivery of DOX and PAX, because PIN makes abundant hydrogen bonds and
CNT makes stable interactions with these drugs.

Keywords: doxorubicin; paclitaxel; N-isopropylacrylamide; molecular dynamics; nanotube; release;
loading; fullerene; graphene oxide

1. Introduction

One of the most challenging issues in current medicine, cancer, is receiving more and more global
attention in both research and medical practice. Cancer is technically defined as abnormal growth of
cells resulting from vicious cell cycle. It has been evident that certain environmental and behavioral
factors could predispose individuals to cancer, including radiation exposure, industrial pollutants,
smoking, etc. [1]. A backward glance at the extensive scientific work done in the field of cancer reveals
that even though much has been known about the etiology, epidemiology, symptoms, diagnosis and
treatment of cancer, still a lot remains to be done to uncover the various aspects of this field, especially
cancer treatment [2—4]. Cancer treatment has nowadays evolved into a multidisciplinary field and
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various branches of science have contributed to its development, including cellular and molecular
biology, genetics, biophysics, biochemistry, and surgery. Common routes of cancer therapy include
immunotherapy, chemotherapy, radiotherapy, surgery, etc., and oncologists usually tend to implement
combinations of these methods to treat specific malignancies [5-7].

Anthracyclines are a class of anticancer medications which induce malignant cell apoptosis by
affecting DNA function, inhibiting DNA synthesis, and thereby interfering with cell growth and
proliferation. Among the drugs of this class, doxorubicin has been proved to be effective against a wide
spectrum of malignancies including lymphoma and breast, thyroid, bladder, stomach, bone, and neural
tissue cancers [8-12]. Paclitaxel is another broadly used anticancer medication. It is a member of a class
of anticancer drugs called tubulin modulators and has been implemented in the treatment of various
malignancies including breast, bladder, lung, esophageal, and ovarian cancers [13]. The drug acts by
interfering with microtubules, which are critical intracellular protein structures, and as a result disrupts
the normal function and proliferation of the cell. Numerous studies have recently been performed
on the effectiveness of doxorubicin/paclitaxel combination therapy. These studies have revealed this
combination therapy to be effective for the treatment of breast cancer, hepatocellular carcinoma, lung
cancer, brain glioma, esophageal squamous cell carcinoma (SCC), and ovarian cancer [14-16].

An important concept in implementing anticancer medications in practical medicine is how the
drug is delivered to the body [17]. Various delivery systems have emerged to enhance the specificity
of drug delivery to target tissues, among the most important of which are nanotechnology-based drug
delivery systems [18-22]. These systems tend to minimize the adverse effects, enhance the drug’s
efficacy, prolong its half-life, protect the drug’s molecule, and increase its biocompatibility [23,24].
In such systems, the drug is usually attached to a carbon-based macromolecule called the carrier.
The carrier’s proper functions are to slow down the drug’s release and avoid anticancer drugs from
affecting normal, noncancerous cells by releasing them in biochemical conditions that are relatively
specific to cancerous tissues [18,25,26]. In order to enhance the drug delivery function, a polymer
is also attached to the drug—carrier complex. It has been shown that the polymer, by the chemical
interactions it makes with both the drug and the carrier, modulates drug adsorption and/or release,
prevents undesired carrier or drug aggregations, and increases the solubility and biocompatibility of
the drug and the carrier.

Fullerene, nanotubes, and graphene are among the commonly used carriers for anticancer drug
delivery. Fullerene is a spherical carbon allotrope. Modified fullerenes can potentially exhibit a lipophilic
slow release and significant anticancer activity toward cell culture as proven by C60-paclitaxel conjugate.
It has been revealed that even low concentrations of hydrophobic fullerene (20 parts per billion
(ppb) level) can induce oxidative damage to cellular membranes. Some studies have shown that
encapsulation or micro-encapsulation of fullerene in special carriers such as cyclodextrins and chemical
functionalization by amino acid, carboxylic acid, poly hydroxyl group, and amphiphilic polymers
can enhance the hydrophilicity and drastically reduce fullerene’s toxicity. The biological efficacy of
water-soluble fullerenes has been investigated in vitro, indicating its low toxicity [27-31].

Graphene is a planar sheet carbon allotrope which has been used as nanocarrier in drug delivery
systems, thanks to its high surface area and controlled sizes. Possessing a tensile strength of over
100 GPa and a tensile modulus of about 1 TPa, graphene is one of the strongest ever-tested substances [32].
Graphene oxide (GO) is hydrophilic and its surface can be easily modified by a variety of biocompatible
polymers including chitosan, polyethylene glycol (PEG), poly(e-caproplactone), poly-L-lysine (PLL)
and polyvinyl alcohol. Owing to its excellent surface area (2600 m? g~ 1), it possesses high drug loading
capacity; however, its lack of rigidity results in weak cell penetration [33]. Lateral dimension of GO
nanosheets has no impact on their drug-loading capacity, and this fact may impose some limitations in
terms of blood—-brain transport, renal clearance and biodegradation [34-36].

A cylindrical carbon allotrope, carbon nanotube (CNT) has recently drawn the attention of
drug delivery researchers [37]. Its surface area and charge, chemical properties, and capability of
passing through biological membranes have made CNT a promising candidate for cancer therapy
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and diagnosis [38,39]. Depending on its diameter and chirality, CNTs exhibit different physical and
chemical properties. A well-ordered tubular CNT presents excellent mechanical strength and electrical
conductivity. Carbon nanotube diameter is about 1 nm, which is half of a spiral DNA diameter, hence
it can pass across membranes and penetrate into cells. Furthermore, its high specific surface area
(1300 m? g~1) combined with its unique sp?-hybridization facilitate its functionalization and lead to a
wide range of biomedical applications [40—43].

Due to the water insolubility of carbon nanostructures, they have a tendency to aggregate in aqueous
media through Van der Waals interactions. This aggregation would not be in favor of drug delivery
systems because it makes the carrier size bigger and therefore unsuitable for cell penetration, increases
the carrier’s toxicity, and avoids its homogenous distribution throughout the blood [44—46]. A number of
studies have been performed to address this issue. These studies suggest that functionalizing carbon
structures with hydrophilic groups could avoid such aggregations and increase the biocompatibility of
carriers [47,48]. Hydrophilic polymers can also be used for stabilizing carriers. These polymers are
either pH-sensitive or temperature-sensitive. The pH-sensitive polymers, like poly acryl acid, show
significantly different adsorption properties in different pH ranges. Temperature-dependent polymers,
on the other hand, undergo structural changes as the temperature varies. Temperature-sensitive
polymers with lower critical solution temperatures are called LCST’s. These polymers have been the
subject of various studies, some of which include: poly acryl amide, poly ethylene glycol methacrylate,
and poly vinyl amide [49-53].

Molecular dynamics is a newly emerged tool and has been proved to be of great practical
value in providing analytic data on pharmaceutical systems, bypassing the monetary and time
expenses of conventional experiments [54,55]. Many studies, so far, have investigated anticancer
drug delivery systems by carbon nanostructures, but few have been focused on the features of multiple
carriers individually and in comparison with each other [34,56,57]. In these molecular dynamics studies,
the co-adsorption and co-release of doxorubicin and paclitaxel have been investigated for CNT, graphene,
and fullerene in combination with isopropyl acryl amide in both neutral and acidic pH. Furthermore,
different parameters of the interactions made among the drugs, carriers, and isopropyl acrylamide have
been demonstrated for each carrier and in comparison, with other carriers at the same time.

2. Materials and Methods

2.1. Molecular Dynamics

Molecular dynamics is based on numerical integration originated from Newton’s motion
equations for all of the system particles. Applying Newton’s equations of motion, a set of consecutive
atomic positions can be obtained; which can be used in prediction of upcoming moments on the basis
of present condition [58]. Molecular dynamics involves the three following stages:

1. Obtaining initial configuration of the particles including characteristics of atoms and the initial
velocity as well as physical properties (i.e., mass, size, and type of atom)

2. Calculation of neighbors list made for every atom of the system which contains all atoms within
the force range of the targeted atom. This list alters at each step.

3. Calculation of the force applied on each atom based on the configuration, primary conditions
and acceleration of each particle as well as the new position and velocity of each particle through
integral methods

The continuous nature of relatively real potentials requires breaking of Newton’s motion equations
into short time steps (1-10 fs) for integral calculation. Each step involves calculation of the force applied
on atoms as well as its merging with the present situations and velocities to obtain the upcoming
positions and velocities in the next step. The enacted force of each atom is assumed stable during this
time step. As the atoms displace to new positions, a set of forces will be calculated and the process will
be repeated. In this content, molecular dynamics simulation offers a path to describe the change of
dynamic variables through passing of time [59].
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2.2. Force Fields

Expressed as a set of mathematical equations, interatomic forces are of great significance in the
accuracy and validity of simulated results. Alternation of inter-particle distances will change their
interactive energies (potential energy). The potential function is presented in Equation (1); while based
on Equation (2), derivation from potential function can lead to force function of each i atom in an
N-atom system. These equations are simultaneously solved for short time steps. Besides that, using
Equation (3), force can be assigned to the atomic position and time [59,60].

Primary molecular simulation was performed using simple potentials like the hard sphere
potential. This model involved particle movement in straight lines with a constant velocity. Relatively
elastic collisions happen upon the approach of spheres in a way that their distance becomes equal
to the sum of their radii. After collision, new velocities will be calculated based on the principle of
conservation of linear motion size. Helpful results are achievable by using the hard sphere model,
although it is not ideal for atomic or molecular system simulations. According to the Van der Waals
potential, interatomic or intermolecular forces continuously change as their distances vary. However,
the hard sphere model considers no force among particles unless they collide with each other.
Van der Waals potential is demonstrated in Equation (4), where o denotes potential well depth
and q represents the distance at which the potential becomes zero. Fitting with laboratory data or
exact quantum chemistry calculations can be used to determine these parameters. * shows the distance
between the two atoms, while V is their interatomic potential [61].
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Equations (5) and (6) were used to calculate drug diffusion coefficient. For calculation of drug

diffusion coefficient, mean-square displacement (MSD) was calculated; coordinates of atoms are also

shown as r while t stands for time. After MSD calculation, using Einstein’s relation (Equation (6)),
diffusion coefficient can be calculated for the three-dimensional system [52-62].
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Regarding to its popularity, the GROMACS open source software in drug simulation was
used. Using Newton’s equations of motion, GROMACS is able to predict the behavior of 100 to
1,000,000 particles. First developed for biomolecules, GROMACS possesses a variety of complex
transplant interactions. Regarding its high speed in dealing with non-transplant interactions,
GROMACS has also found extensive applications in non-biological systems such as polymers.

2.3. System Preparation

Graphene oxide sheets in the dimensions of 20 x 20 A2 Graphene surfaces randomly
functionalized the with hydroxyl and epoxide groups. TubeGen Online was employed to make
CNT molecules; CNTs surface was covered with carbon dioxide molecules in both protonated and
deprotonated modes. Fullerene structure was downloaded from: http:/ /www.nanotube.msu.edu/
fullerene/fullerene-isomers.html.
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As we used naphthalene structure in the optimized potentials for liquid simulations-all atoms
(OPLSaa) force field, the surface charge of carbon atom set to zero. The type of bonds between carbon
atoms was defined as phenylalanine, tyrosine, and tryptophan. Angle type was also determined
according to the angles of aromatic ring in phenylalanine. Charge and other relevant parameters of this
nanostructure functional groups were defined on the basis of similar structures available in OPLSaa
force field. Lenard-Jones and Columbian potential models were employed for calculation of non-bond
interactions (i.e., electrostatic and Van der Waals).

The OPLSaa force field was implemented to prepare input structures. To obtain molecule
parameters, (changed to script format), all molecules were placed in the box and tip3p water model
was utilized as solvent. The energy of all simulation systems was minimized by 50,000 steps. Steepest
descent method was employed to omit Van der Waals interactions and create hydrogen bonds between
water molecules and other species. Next stage involved gradual rise of system temperature from
0 to 310 K in 100 ps in constant volume using Nose-Hoover algorithm. Furthermore, temperature
coupling systems was considered as 0.5 ps. The system was then balanced at constant pressure in
200 ps. The system pressure was balanced by Parrinello-Rahman algorithm. MD simulation was
conducted at 37 °C for 50 ns. Cut-off distance was set to 1.2. Particle mesh ewald (pme) was also
employed for electrostatic force calculation. Bond lengths were maintained by LINCS (linear constraint
solver) algorithm; while SHAKE algorithm was employed to limit the bonds engaged in hydrogen
atom which will accelerate the calculations.

3. Results and Discussion
3.1. Drug—Carrier Interactions

3.1.1. DOX-CNT Interactions

Figure 1 demonstrates DOX—CNT interaction in acidic and neutral pH values. Curves (a) and (b)
show Van der Waals and electrostatic interaction energies. Based on these curves, total interaction
energies in neutral pH are higher than acidic pH. Therefore, the drug will be adsorbed in neutral
pH and released in acidic pH. The plasma pH varies between 7.35 and 7.45, which is nearly neutral.
Therefore, the drug will be adsorbed to the carrier in plasma condition and released in vicinity of
cancer cells, which have acidic pH due to their higher metabolic rate. Moreover, according to these
curves, in neutral pH (adsorption), the interaction between CNT and drug is mainly due to electrostatic
forces while in acidic pH (release) Van der Waals interactions make the major contribution to the
total drug—CNT interaction energy. The reason could be the presence of carboxylic groups on CNT
molecules. In neutral pH, these groups are negatively charged and therefore can better absorb the
aromatic and amine groups of the drug. These carboxylic groups will be protonated in acidic pH and
their charge will be neutralized.

Figure 1c,d demonstrate the number of H-bonds between drug and CNT versus time in neutral
and acidic pH values. As shown in these figures more hydrogen bonds are formed between the
drug and CNT in normal pH than acidic pH. The reason is the negative charge of carboxyl groups in
neutral pH. This fact would help in adsorption and release of the drug in neutral and acidic pH values,
respectively. It would be concluded that CNT can be a good carrier for DOX. It is capable of adsorbing
the drug in the bloodstream and releasing it adjacent to cancerous tissues.
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Figure 1. DOX-CNT interaction energies and hydrogen bonds: (a) electrostatic and Van der Waals
energies of DOX-CNT interaction versus time in neutral pH; (b) electrostatic and Van der Waals
energies of DOX-CNT interaction versus time in acidic pH; (c) the number of hydrogen bonds between
DOX and CNT versus time in neutral pH; (d) the number of hydrogen bonds between DOX and CNT
versus time in acidic pH.

3.1.2. DOX-Fullerene Interactions

Figure 2 demonstrates DOX—fullerene interactions. Based on curves (a) and (b), total interaction
energies are significantly higher in neutral pH (plasma pH) than acidic pH (cancerous tissue pH).
Therefore, fullerene can adsorb the drug in plasma and release it near cancerous cells. These curves also
indicate that Van der Waals energy has no role in DOX—fullerene interaction at neutral pH, in which
the total energy is almost equal to the electrostatic energy. The reason could be attributed to the
carboxyl groups of fullerene spherical molecules, which by losing their proton, can establish significant
electrostatic interactions with the polar functional groups of DOX molecule in neutral pH.

Figure 2¢,d show the number of hydrogen bonds between DOX and fullerene as a function of
time. As it can be seen, the average number of hydrogen bonds in neutral pH is higher than acidic pH.
It is concluded that fullerene could act as a proper carrier for DOX as it adsorbs the drug in blood pH
and releases it in acidic pH of cancerous tissue.
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Figure 2. DOX-Fullerene interaction energies and hydrogen bonds: (a) electrostatic and Van der Waals
energies of DOX-Fullerene interaction versus time in neutral pH; (b) electrostatic and Van der Waals
energies of DOX-Fullerene interaction versus time in acidic pH; (c) the number of hydrogen bonds
between DOX and fullerene versus time in neutral pH; (d) the number of hydrogen bonds between
DOX and fullerene versus time in acidic pH.

3.1.3. DOX-GO Interactions

Figure 3 depicts the interactions between DOX and GO. In curves (a) and (b), Van der Waals and
electrostatic energies of drug—carrier interaction are shown in acidic and neutral pH values. As it can
be observed, in neutral pH the total interaction energy constitutes almost entirely of electrostatic
energy, while this parameter is nearly equal to the Van der Waals energy in acidic pH. The reason
is that the protonless carboxylic groups of GO interact with the polar groups of DOX in neutral pH.
The mentioned curves also suggest that total interaction energies in neutral pH are significantly higher
than acidic conditions. Hence, DOX can be adsorbed on GO in pH values near neutral and released
from it in acidic pH.

The number of hydrogen bonds between GO and DOX in neutral and acidic pH values is shown
in Figure 3c,d. As these figures suggest, the average number of hydrogen bonds in neutral pH is
significantly higher than acidic pH, which would contribute to the drug’s higher tendency to be
adsorbed in neutral pH and released in acidic environment. It is concluded that GO can adsorb DOX
in the bloodstream and release it near cancerous cells; hence it would be a proper carrier for DOX.
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Figure 3. DOX-GO interaction energies and hydrogen bonds: (a) electrostatic and Van der Waals
energies of DOX-GO interaction versus time in neutral pH; (b) electrostatic and Van der Waals energies
of DOX-GO interaction versus time in acidic pH; (c) the number of hydrogen bonds between DOX and
GO versus time in neutral pH; (d) the number of hydrogen bonds between DOX and GO versus time
in acidic pH.

3.1.4. PAX-CNT Interactions

Figure 4 demonstrates PAX—CNT interactions. The interaction energy of PAX and CNT in acidic
and neutral pH values versus time are plotted in curves (a) and (b). The total interaction energy in
neutral pH is more than this value for acidic pH. Therefore, PAX molecules have the tendency to
be adsorbed in neutral pH and released from CNT in acidic pH. These figures also reveal that PAX
and CNT have almost no electrostatic interaction in acidic and neutral pH values, and their total
interaction energy is mainly due to Van der Waals interactions. The reason is the synthetic nature of
PAX molecules; contrary to DOX, they do not possess polar functional groups.

The number of hydrogen bonds between PAX and CNT in both pH values are shown in Figure 4c,d.
It is revealed that the average number of hydrogen bonds is more in neutral (adsorption) pH than
acidic (releasing) pH. It would be concluded that CNT can serve as a proper carrier for PAX as it
adsorbs the drug in the bloodstream and releases it in vicinity of cancerous cells.
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Figure 4. PAX-CNT interaction energies and hydrogen bonds: (a) electrostatic and Van der Waals
energies of PAX-CNT interaction versus time in neutral pH; (b) electrostatic and Van der Waals energies
of PAX-CNT interaction versus time in acidic pH; (c) the number of hydrogen bonds between PAX and

CNT versus time in neutral pH; (d) the number of hydrogen bonds between PAX and CNT versus time
in acidic pH.

3.1.5. PAX-Fullerene Interactions

Figure 5 shows PAX-fullerene interactions. Based on curves (a) and (b), it can be inferred that PAX
and fullerene molecules have almost no electrostatic interactions in neutral or acidic pH. Although
relatively small Van der Waals interactions are noted in acidic pH, the values are not that significant to
result in the drug’s adsorption or carriage by fullerene molecules. It seems that non-polarity of PAX
molecules has resulted in the lack of significant interaction energy between the drug and the carrier.

The number of hydrogen bonds between PAX and fullerene in neutral and acidic pH are depicted
in Figure 5¢,d. The average number of hydrogen bonds between the two molecules in neutral pH is
higher than acidic pH. Although this could be potentially helpful in PAX adsorption in neutral pH and
its release from the carrier in acidic pH, it would be concluded, based on Figure 5a,b, that perhaps
due to other factors, this has not been effective enough to result in the drug’s higher tendency to be

adsorbed /released in acidic/neutral pH. It is concluded that fullerene would not be a proper carrier
for PAX.
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Figure 5. PAX-Fullerene interaction energies and hydrogen bonds: (a) electrostatic and Van der Waals
energies of PAX-Fullerene interaction versus time in neutral pH; (b) electrostatic and Van der Waals
energies of PAX-Fullerene interaction versus time in acidic pH; (c) the number of hydrogen bonds
between PAX and fullerene versus time in neutral pH; (d) the number of hydrogen bonds between
PAX and fullerene versus time in acidic pH.

3.1.6. PAX-GO Interactions

Figure 6 shows the interactions between PAX and GO. Based on curves (a) and (b), which
demonstrate the Van der Waals and electrostatic interactions between PAX and GO, almost no
electrostatic interaction exists in acidic or neutral pH as the non-polar PAX molecules cannot have
electrostatic interaction with GO. Small Van der Waals energy is detected in acidic pH which is not
significant to result in the drug’s adsorption.

Figure 6¢,d show the number of hydrogen bonds between PAX and GO. These two figures show
no significant difference in the average number of hydrogen bonds for neutral and acidic pH. It is,
therefore, concluded that GO would not be a suitable carrier for PAX.
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Figure 6. PAX-GO interaction energies and hydrogen bonds: (a) electrostatic and Van der Waals
energies of PAX-GO interaction versus time in neutral pH; (b) electrostatic and Van der Waals energies
of PAX-GO interaction versus time in acidic pH; (c) the number of hydrogen bonds between PAX and
GO versus time in neutral pH; (d) the number of hydrogen bonds between PAX and GO versus time in
acidic pH.

3.2. Drug—PIN Interactions

3.2.1. DOX-PIN Interactions

Figure 7 shows the interactions between DOX and PIN in neutral and acidic environments for
different carriers. As it can be observed, electrostatic energy does not play a significant role in DOX-PIN
interactions and these molecules interact mainly by Van der Waals energy. These figures also suggest
that the interaction between DOX and PIN is affected neither by change of pH nor change of carrier.
The absence of significant electrostatic energy could be due to the zero-surface charge of PIN. However,
due to Van der Waals interactions and formation of hydrogen bonds between the drug and polymer,
the overall solubility of the drug in the blood is enhanced. The polymer also provides good coverage
to protect the drug.
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Figure 7. Electrostatic and Van der Waals energies of DOX-PIN interaction versus time in neutral and
acidic pH for different carriers: (a) CNT in neutral pH; (b) fullerene in neutral pH; (c¢) GO in neutral

pH; (d) CNT in acidic pH; (e) fullerene in acidic pH; (f) GO in acidic pH.
3.2.2. PAX-PIN Interactions

Figure 8 shows electrostatic and Van der Waals interactions between PAX and PIN in acidic and
neutral pH values for different carriers. These two molecules have almost similar interactions in both
neutral and acidic pH. The interactions are also almost the same for the three carriers. Due to lack of
significant electrostatic energy between PAX and PIN, the total interaction energy is nearly equal to
the Van der Waals energy. The reason could be lack of surface charge for both PAX and PIN, which
leads to lack of significant electrostatic interaction between them.
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Figure 8. Electrostatic and Van der Waals energies of PAX-PIN interaction versus time in neutral and
acidic pH for different carriers: (a) CNT in neutral pH; (b) Fullerene in neutral pH; (c) GO in neutral
pH; (d) CNT in acidic pH; (e) Fullerene in acidic pH; (f) GO in acidic pH.

3.3. Comparison of Carriers

3.3.1. DOX-Carrier

Figure 9 demonstrates the interactions between DOX and different carriers in neutral pH or
adsorption state. Based on curves (a), (b), and (c), all the three carriers can adsorb DOX and their major
interaction energy is electrostatic, which arises from the negative charge of the carboxyl groups of
carriers and the positive charge of amine groups in the drug molecule. The total interaction energy
has the following order CNT > GO > fullerene. In this regard the DOX—carrier bond strength has
the following sequence: DOX—-CNT, DOX-GO and DOX—fullerene. Figure 9d—f shows the number of
hydrogen bonds between DOX and the three carriers in adsorption sate or neutral pH. Based on these
figures, the average number of hydrogen bonds between DOX and fullerene is higher than this value

for the other two carriers.
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Figure 9. DOX-Carrier interaction energies and hydrogen bonds in neutral pH: (a) electrostatic
and Van der Waals energies of DOX-CNT interaction versus time in neutral pH; (b) electrostatic and
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Van der Waals energies of DOX-Fullerene interaction versus time in neutral pH; (c) electrostatic and
Van der Waals energies of DOX-GO interaction versus time in neutral pH; (d) the number of hydrogen
bonds between DOX and CNT versus time in neutral pH; (e) the number of hydrogen bonds between
DOX and fullerene versus time in neutral pH; (f) the number of hydrogen bonds between DOX and
GO versus time in neutral pH.

Figure 10 shows the interactions between DOX and the three carriers in acidic pH (release state).
Based on curves (a), (b), and (c), in the acidic pH, the interaction is mainly due to Van der Waals energy,
and the total energy has the following descending order: DOX-GO, DOX-CNT and DOX-fullerene.
Higher total interaction energy in acidic pH reflects stronger drug-carrier bond in acidic conditions.
Therefore, the drug will be released at lower pace in vicinity of cancerous tissues, and its half-life
will be increased. So, the half-life of DOX will be more prolonged if it is carried by GO, followed by
CNT and fullerene. The number of hydrogen bonds between DOX and the three carriers are shown in
Figure 10d—f. Accordingly, in acidic pH, the average number of hydrogen bonds between the drug and
carrier is highest in case of GO followed by fullerene and CNT.
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Figure 10. DOX-Carrier interaction energies and hydrogen bonds in acidic pH: (a) electrostatic
and Van der Waals energies of DOX—-CNT interaction versus time in acidic pH; (b) electrostatic and
Van der Waals energies of DOX-Fullerene interaction versus time in acidic pH; (c) electrostatic and
Van der Waals energies of DOX-GO interaction versus time in acidic pH; (d) the number of hydrogen
bonds between DOX and CNT versus time in acidic pH; (e) the number of hydrogen bonds between
DOX and fullerene versus time in acidic pH; (f) the number of hydrogen bonds between DOX and GO
versus time in acidic pH.

3.3.2. PAX—Carrier

Figure 11 shows the interactions of PAX with CNT, fullerene and GO in neutral pH values. Based
on curves (a), (b), and (c), PAX molecules do not show any significant interaction with fullerene and
GO, while they show rather strong interactions with CNT. Therefore, PAX can be adsorbed on CNT in
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neutral pH. The number of hydrogen bonds between PAX and CNT, fullerene and GO are compared

with each other in Figure 11d—f. The average number of hydrogen bonds between CNT and the drug
is less than this value for the other two carriers.
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Figure 11. PAX-Carrier interaction energies and hydrogen bonds in neutral pH: (a) electrostatic and
Van der Waals energies of PAX-CNT interaction versus time in neutral pH; (b) electrostatic and
Van der Waals energies of PAX-Fullerene interaction versus time in neutral pH; (c) electrostatic and
Van der Waals energies of PAX-GO interaction versus time in neutral pH; (d) the number of hydrogen
bonds between PAX and CNT versus time in neutral pH; (e) the number of hydrogen bonds between

PAX and fullerene versus time in neutral pH; (f) the number of hydrogen bonds between PAX and GO
versus time in neutral pH.

Figure 12 demonstrates the interactions between PAX and CNT, fullerene and GO in acidic pH.
As curves (a), (b), and (c) suggest, Van der Waals interaction makes the major contribution to the total
interaction energy at this pH, and these three carriers do not differ significantly in terms of the total
interaction energy. Although regarding the previous paragraph, only CNT could serve as a proper
carrier for PAX. Figure 12d-f shows the number of hydrogen bonds between PAX and carriers. Based

on these figures, it is concluded that the number of hydrogen bonds between PAX and GO is more
than this value for the other two carriers.
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Figure 12. PAX-Carrier interaction energies and hydrogen bonds in acidic pH: (a) electrostatic
and Van der Waals energies of PAX-CNT interaction versus time in acidic pH; (b) electrostatic and
Van der Waals energies of PAX-Fullerene interaction versus time in acidic pH; (c) electrostatic and
Van der Waals energies of PAX-GO interaction versus time in acidic pH; (d) the number of hydrogen
bonds between PAX and CNT versus time in acidic pH; (e) the number of hydrogen bonds between
PAX and fullerene versus time in acidic pH; (f) the number of hydrogen bonds between PAX and GO
versus time in acidic pH.

3.3.3. Radius of Gyration

Figure 13 shows gyration radii of DOX, PAX, and PIN for different carriers. In neutral pH,
gyration radii of the interacting particles increase by the following order: fullerene, GO, CNT; while in
acidic pH, this sequence is GO < fullerene < CNT.

Gyration radius is a factor by which aggregation of molecules (such as polymers) and change
of bio-macromolecule size (proteins) can be studied and analyzed. The higher the gyration radius
variation is, the stronger the accumulation and polymer-drug interaction will be, and therefore the
complex will be more stable.
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Figure 13. Gyration Radius of DOX, PAX, and PIN versus time in neutral and acidic pH for different
carriers: (a) CNT in neutral pH; (b) Fullerene in neutral pH; (c¢) GO in neutral pH; (d) CNT in acidic
pH; (e) Fullerene in acidic pH; (f) GO in acidic pH.

3.3.4. MSD

Figure 14 shows MSD of DOX and PAX for different carriers in acidic and neutral pH values.
In neutral pH, MSD of GO is higher than CNT, which itself is higher than fullerene. For acidic pH,
MSD of the mentioned drugs is higher for fullerene followed by CNT and GO. It is apparent that the
more the MSD is in the adsorption state, the quicker the drug will be absorbed to the carrier. On the
other hand, the less the MSD value is in the releasing state, the slower it will be released from the
carrier, and therefore the longer will be its half-life. Combining these facts with the above curves, it is
concluded that among the three carriers, GO provides the slowest drug release. MSD time-derivative
is the molecular diffusion coefficient; therefore, the higher the slope of the curve is, the higher will be
the diffusion coefficient.
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Figure 14. Mean square displacement of DOX and PAX versus time in neutral and acidic pH for
different carriers: (a) CNT in neutral pH; (b) Fullerene in neutral pH; (c¢) GO in neutral pH; (d) CNT in
acidic pH; (e) Fullerene in acidic pH; (f) GO in acidic pH.
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4. Conclusions

DOX and PAX are anticancer drugs which have been used both individually and in combination to
treat a wide variety of malignancies. In this molecular dynamics study, the pH-sensitive co-adsorption
and co-release of PAX and DOX by CNTs, fullerene, and GO in combination with PIN was investigated.

Results indicated that CNT, fullerene, and GO could be ideal carriers for DOX, among which CNT
had the highest binding energy. According to the interaction parameters reported in this study, all of
the three carriers had a tendency to adsorb DOX in neutral pH, which is near to the normal pH of
plasma, and release it in acidic pH, which, due to a higher metabolic rate, is the pH of cancerous tissues.
Because most anticancer drugs, including DOX and PAX, are cytotoxic and can affect normal cells
besides cancerous cells, this pH-sensitive drug delivery to cancerous tissues could be of outstanding
clinical benefit. For PAX, however, the only carrier which showed such a pH-sensitive response was
the CNT.

Furthermore, by analyzing the drugs” MSD for each carrier, it was observed that among CNT,
fullerene, and GO, the latter had the quickest adsorption and slowest release for DOX. The advantage
of having a slow release is an increase in the drug’s half-life, and hence an increase in the drug’s
injection intervals which would ultimately reduce the total amount of drug delivered to the body.

Moreover, by analyzing the interactions of the drugs and PIN (PIN), it was concluded that
this polymer could increase the water solubility of the system and protect the drug’s molecules by
covering them. PIN is a temperature-sensitive polymer. Because cancerous tissues are believed to
have higher-than-baseline temperatures at least in some of their parts, further researches could be
performed to address the efficacy of PIN’s temperature-sensitivity in anticancer drug delivery.

Allin all, it was concluded from this study that among CNT, fullerene, and GO, CNT would be a
better carrier for the co-transmission of PAX and DOX in combination with PIN, and compared with
the classic method of drug injection, CNT-mediated drug delivery could increase the drugs’ half-life
by slowing their release, and decrease their side effects by releasing them adjacent to cancerous tissues.

Molecular dynamics simulations provide useful information at molecular level; however, to study
interactions in terms of more realistic scales, simulations close to real scales are required. To do so,
by means of the data coming from the present simulations, coarse grain simulations can be used,
and interaction and bonds resulted from hundreds of molecules of DOX, PAX, PIN and carbon-based
materials can be studied within longer spans of time. By increasing the time and length of the system,
the PIN-drug and PIN-PIN interactions can be better studied and have a better comparison with
laboratory tests. As future works, it is suggested to address the study on pharmaceutical characteristics
of CNT-PIN within a greater scale of time and length by means of coarse grain simulations.
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