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Abstract
Background

Todays, drug nanocarrier development and improving its biophysical properties is one of the updated and
intended of nano-biopharmaceutical science researches. Single-walled carbon nanotubes (SWCNT), as a
typical carbon structure based nanocarrier, but have some obstacles in drug delivery mechanisms. In that
current study, the penetration, loading, and release of Doxorubicin and Paclitaxel, as two anticancer
agents, were investigated using a novel modi�ed and functionalized SWCNT.

Results

This study was carried out using molecular dynamics simulation based on a dual-responsive smart
biomaterial. At the in-silico study, Interaction energies between drugs and carriers, numbers of hydrogen
bonds, diffusion coe�cient, and gyration radius were investigated. The kinetic analysis of drug
adsorption and release revealed that, fascinatingly, drug loading and drug release are selective at
physiological and cancerous acidic pH, respectively. Interaction of Dimethyl acryl amid-trimethyl chitosan,
as a biodegradable and biocompatible hydrogel, with SWCNT indicated that degradation reaction in
acidic condition destructs the polymer, which leads to a smart release in cancerous tissue at speci�c pH.
Moreover, it resolves hydrophilicity, optimum nanoparticle size, cell membrane penetration, and cell
toxicity concerns.

Conclusions

The simulation results indicated a marvelous role of dimethyl acryl amide-trimethyl chitosan in the
adsorption and release of anticancer drugs in normal and neoplastic tissue. The interaction of trimethyl
chitosan also improves biocompatibility as well as biodegradability of the carrier. Overall, that novel drug
carrier can be a virtuous nanoparticle for loading, transporting, and releasing the anticancer drugs.

Background
Cancer, one of the world's major diseases, is a category of genetic diseases implicating odd cell growth
which invade or spread to other destination of the body (1, 2). The failure of chemotherapy to have
successful selective treatment is a foremost problem in clinical oncology (3, 4). The resistance of
neoplastic cells by complex immune escaping mechanisms and speci�c cancerous micro-environment
conditions encourages �nding out new strategies (5-8).

Doxorubicin (DOX), as an antibiotic and paclitaxel (PAX) as a herbal medicine, are two signi�cant natural
source anticancer drugs in chemotherapy (9, 10). DOX interferes with the production of proteins
necessary for the growth of cancer cells, preventing them from reproducing in the body. It appears to act
by binding to DNA and inhibiting nucleic acid production by disrupting the molecular structure and by the
unique blockage (11-13). Damaging to the normal cells surrounding the cancer tumor and preventing
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them from uncontrolled growing, is one of the undesirable side effects of the DOX (14). Targeted drug
delivery can minimize the damage of this drug to non-cancerous cells of the body and maximize the
e�ciency of drug use for cancer treatment (15, 16).

PAX is a microtubule inhibitor that controls the accumulation of microtubules from tubulin dimers and
stabilizes the microtubules by preventing depolymerization. This stabilization inhibits the dynamic
identi�cation of the microtubule network, which is required for critical interphase and mitotic cellular
functions (17-19).

Co-treatment of DOX and PAX is a common and useful regime in cancer therapy so that drug
development and side effect reduction of that is exciting and attainable in the clinical oncology. however,
the simultaneous release of PAX and DOX has been the subject of many drug studies (20).

Carbon nanostructures are one of the compounds that have recently received much attention in drug
delivery (21). Single-walled carbon nanotubes (SWCNT) and 60-carbon fullerenes have a diameter of
about 1 nm, half the width of a DNA helix. These particles, due to their small size, can easily cross
membranes and biological barriers and reach the infective cell. These structures, with their high surface
area, make it easy to modify surface properties using functional groups (22, 23). The surface of these
particles is functionalized with various groups and compounds to increase the solubility and
biocompatibility, as well as the conductivity of different materials. These particles can be used as carriers
for carrying biological molecules such as protein, DNA, and drugs. Medicinal compounds are loaded onto
or inside these structures (24). Targeting and transferring two or more compounds simultaneously are
other features of interest in drug delivery. Numerous researchers have focused on the potential of carbon
nanotubes as carriers for anticancer agents. The unique physical and chemical properties of carbon
nanotubes for drug delivery include size, geometric shape, surface charge, surface chemistry,
hydrophobicity, in particular, the ability to cross various biological barriers in vivo without producing an
immune response (25).

SWCNT can bind with speci�c cellular receptors and intracellular target molecules for targeted delivery of
therapeutic agents (26). Previous studies indicated that the nanotubes enter the cell vertically by the
endocytosis process. The nanotubes are also able to pierce the membrane and pass through it because
of the needle-like tip, without damaging the cell membrane (27, 28). The drug can be encapsulated into
the nanotube and protected while circulating in the body. Upon reaching the target site, the drug is
released by the nanotube, and the encapsulating material erodes and disappears. The drug encapsulated
inside the nanotube should be proportional to the diameter and size of the nanotube (29, 30). Despite
their speci�c inherent properties, concerns have transpired apropos the toxicity of CNTs, as several
studies have manifested that pristine nanotubes could instigate biological destruction.

In that work, CNT Bioconjugation with a novel biodegradable and biocompatible polymer dispel its
biological concerns and make a safer and more reliable nanocarrier. On the other hand, An extensive
range of investigation has also indicated that development of nanotube by functionalized with carboxylic
group make it better in pharmacodynamics and pharmacokinetic properties of drug delivery ,overall in
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that work the pH-responsive CNT modi�ed with non-bonded interaction of dimethyl Acryl amide-trimethyl
chitosan (DMMA-TMC), as a biopolymer, produce a biocompatible CNTs which capable of local, smart
and target delivery systems to cancerous tissue. DMMA-TMC, as a modi�ed polysaccharide from
chitosan, plays a decisive role in adsorption enhancing in novel macromolecule delivery systems (31).
Moreover, its non-bonded interaction with Carbon nanotube and positively charged induce the speci�c
properties in drug adsorption and drug release. Taking advantage of the adsorption enhancing the effect
of DMMA-TMC, TMC@CNT were evaluated as potential vehicles to improve the loading of PAX and DOX
in the physiological pH (32).

Molecular dynamics is a powerful tool that can provide qualitative and quantitative information on the
physicochemical interactions and mechanisms of pharmaceutical systems and is more attractive from
machine learning methods (33-35). In the study of molecular dynamics, a system consisting of
nanoparticles inside a box, called a computational box, is �rst considered. Knowing the location and
velocity of the particles at each step can calculate all the static and dynamic properties of the system.
From the theorist’s point of view, the importance of molecular dynamics studies is that they provide
accurate quasi-experimental results for a well-de�ned model. Molecular dynamics provides an
intermediary between laboratory experiments and theory and is considered a pragmatic trial (36, 37).

Because of the di�culties and high cost of empirical experiments, there are many studies today on
molecular dynamics to simulate drug delivery systems in cancer (38). Few studies have been done on
DOX and PAX with novel nanocarriers using molecular dynamics. Molecular dynamics has been
investigated for the release of DOX, including graphene and graphene oxide carriers (39, 40). In that work,
the effects of pH, molecular bonds, carrier size, and functional groups have been investigated. Previous
studies have not investigated the mechanism of DOX-PAX adsorption, penetration, and release from this
modi�ed type of carbon nanotubes using molecular dynamics. Current work investigates carbon
nanotubes as an attractive nanocarrier for drug release, and drug loading, cell membrane penetration, and
release of DOX and PAX from SWCNT and introduces carbon nanotubes as a suitable carrier for DOX and
PAX drug delivery. Given the unique properties of carbon nanotubes, this could be a good introduction to
the greater use of carbon nanotubes in loading and release of anticancer drugs.

Results And Discussion
Different mechanisms of DOX and PAX were studied in two physiological (pH=7.4) and cancerous
(pH=5.5) conditions to predict cellular penetration, adsorption, and release.

1- Drug adsorption in neutral condition (pH=7.4)

In the �g.1., the interaction of the DOX molecule with the single-walled nanotube is investigated. As
shown in the �gure at neutral pH, electrostatic energy plays a signi�cant part in the total interaction
energy. While in the acidic state, the electrostatic energy is zeroed, and the van der Waals energy has a
considerable share of the total interaction energy. This is due to the surface charge of the carboxyl
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functional groups at the nanotube surface. Because the nanotube is functionalized with carboxyl
functional groups. The carboxyl group has a negative charge at neutral pH and no charge at acidic pH.

On the other hand, DOX has a positive charge at both neutral pH and acidic pH. As a result, in the neutral
state, drug functional groups and nanotube have anonymous charges, and there are robust electrostatic
interactions. The higher the electrostatic energy at neutral pH, the higher the adsorption of the drug onto
the nanocarrier surface at this pH. The important thing is that the drug at a neutral pH, which is the pH of
the blood, can transfer well to the surface of the nanotube, and the nanotube, having a strong attraction
to the DOX drug, is an excellent carrier for this drug.

The following �gure(�g.1.) shows the interaction between DOX and chitosan. As it is evident from the
picture, the Van der Waals force is close to zero, but there is a considerable negative electrostatic
interaction between the drug and the chitosan. This interaction is due to the positive charge of DOX and
the negative charge of chitosan at this pH. The negative electrostatic energy indicates a strong attraction
between the drug and the chitosan. Chitosan is a critical aid in the adsorption of the drug.

In the following (Fig.2.), the energy interaction of PAX with single-walled nanotubes is investigated. As
shown in the �gure at neutral pH, van der Waals energy shows a more signi�cant number, and
electrostatic energy is close to zero. The nanotubes are functionalized with carboxyl functional groups.
The carboxyl group has a negative charge at neutral pH and no charge at acidic pH. On the other hand,
PAX has zero charges at neutral pH. As a result, in the neutral state, the electrostatic energy between PAX
and the nanotube is close to zero. Van der Waals Energy plays a signi�cant part in the uptake of PAX on
carbon nanotubes.

On the other hand, Fig.2. Showed the energy interaction of PAX with chitosan. As shown in the �gure at
neutral pH, van der Waals energy shows a more signi�cant number, and electrostatic energy is close to
zero. PAX has zero charges at neutral pH. As a result, in the neutral state, the electrostatic energy between
PAX and chitosan is close to zero. Van der Waals Energy has a signi�cant contribution to the uptake of
PAX on chitosan. Hydrogen bonds, which is a signi�cant factor in drug delivery. A comparison between
PAX and DOX shows that the DOX-chitosan hydrogen bonds are stronger than the PAX-chitosan hydrogen
bonds. Therefore, the addition of chitosan also contributes to better adsorption of DOX because the
strength of the hydrogen bonds between DOX and chitosan is relatively high.

Table..1:  Number of Averages H bonds-average

  DOX-CNT DOX-TMC PAX-CNT PAX-TMC

pH= 7.4 .007 2.707 0 0.342

pH=5.5 0 0.071 0.189 0.112

2- Drug release in acidic condition (pH=5.5)
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In the following �gure, Fig.3. The interaction of the DOX molecule with single-walled nanotube
nanocarriers is investigated. As shown in the picture at acidic pH, the electrostatic energy is shallow

and close to zero. At acidic pH, electrostatic energy is zero, and van der Waals energy has a signi�cant
contribution to the total interaction energy. This is due to the surface charge of the carboxyl functional
groups on the nanotube surface. The nanotube is functionalized with carboxyl

functional groups. The carboxyl group has a negative charge at neutral pH and no charge at acidic pH.

On the other hand, DOX has a positive charge at neutral pH and acidic pH. As a result, in the neutral state,
drug functional groups and nanotube have anonymous and �nd strong electrostatic interactions.
However, at acidic pH, nanotube and carboxyl group charges become zero. Furthermore, the electrostatic
interaction energy between the nanotube and DOX is also zero.
The higher energy of the double-walled nanotubes than the single-walled nanoparticles and fullerene
indicates that the double-walled nanotubes are a stronger absorbent for DOX at this pH. Furthermore,
after that, single-walled nanotubes can absorb DOX molecules better than fullerene.

The following �gure (Fig.3.) shows the interactions between DOX and chitosan polymer. The interesting
point in the diagram below is that the interaction between the drug and the chitosan in an acidic state has
positive electrostatic energy. This means that there is a repulsion between chitosan and the drug, and this
is very effective in releasing the drug. Repulsion between chitosan and drug causes the better release of
drug from chitosan and nanotube surface. In fact, besides biocompatibility and hydrophilicity, chitosan
plays a critical role in the mechanism of drug release in cancer tissue.

The �gure (Fig.4.) shows van der Waals and electrostatic interaction between PAX and nanotube. As is
clear from the picture, the electrostatic energy is close to zero, and the total energy is approximately
equivalent to the van der Waals energy. The loss of electrostatic energy is due to the zero charge of the
carboxyl group at acidic pH. Moreover, the surface charge of the PAX is close to zero. Therefore, the
electrostatic interaction between PAX and the nanotube is zero, and the van der Waals interaction is
fragile. The weak interaction energies lead to a better release of the drug from the nanotubes and are
considered a decisive factor for the carrier, which can be very useful in drug release.

Also, The last �gure Fig.4. shows the interaction energy between PAX and chitosan in an acidic state. As
can be seen from the �gure, the electrostatic and van der Waals interaction between the drug and the
chitosan is zero, which helps the drug release. The zero electrostatic energy is due to the zero-surface
charge of PAX.

Hydrogen bonding between two atoms is de�ned as a receiver-acceptor pair with an angle between them
less than 30 degrees. The graph of changes in the number of hydrogen bonds over time between the
polymer-polymer and polymer-drug and CNT-drug for all three simulations are shown in the diagrams
below. Hydrogen bonds indicate the amount of hydrophilicity property of carriers. Besides, hydrogen
bonding is part of the interatomic forces that can contribute to carrier strength and stability. The
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following diagrams at Fig.1. And Fig.3. Show that DOX is not bound to CNT but has many hydrogen
bonds with TM-chitosan polymer. This chart illustrates the crucial role of chitosan in this drug delivery
system. Because chitosan forms carriers more hydrophilic through hydrogen bonding formation. CNTs
and DOX, as well as PAX, are hydrophobic compounds, and this is a signi�cant drawback for
pharmaceutical carriers. Because hydrophobic compounds aggregate in water and form larger particles
that disrupt drug delivery and block the bloodstream. However, Chitosan has solved this problem by
hydrophilizing the complex. The graphs in Fig.2. and Fig.4. also show that PAX did not form eligible
hydrogen bonds with CNT, while the same drug with chitosan has many.

3- Cell penetration

Gyration radius is a factor that enables the aggregation of molecules such as polymers, resizing of
biological macromolecules such as proteins over time. The diagram of the gyration radius is shown
below. As shown in the �gure below (Fig.5.), the gyration radius indicates the accumulation of polymer
molecules in one region. The higher the gyration radius, the greater the dispersion between the molecules.
The gyration radius of DOX and PAX is about 3 nm, indicating the complex radius of drug accumulation
on the fullerene surface. Due to the fullerenes and box simulations, a useful aggregation of drugs is
formed around the SWCNT. This indicates that the polymer molecules are clustered together in this
simulation. PAX also has a lower radius than DOX, indicating a better accumulation of PAX than DOX.
Complexation due to the accumulation of PAX molecules is more stable and concentrated.

4- radial distribution function

The following diagrams show the radial distribution function of DOX and PAX in the simulation box. For
both layouts, there is a steep slope of the graph and peak. Where the peak diagram is seen, and the RDF
is high, the accumulation of drug molecules has occurred. This indicates that the drug molecules are
aggregated at one point and are concentrated at the same spot and are not distributed in the simulation
box. This result corroborates previous results suggesting acceptable drug adsorption on fullerenes and
polymers.

5- drug diffusion coe�cient

The slope of the mean square displacement curve represents the diffusion coe�cient. This chart shows
the diffusion coe�cient of DOX in the simulation box. The steric hindrance is less an acidic state.
Because the adsorption of the drug on the fullerene surface is less, so their accumulation is lower than
that of the neutral state, and as a result, the number of collisions and steric hindrance is less.

Eventually, the reduction of the steric hindrance will increase the diffusion coe�cient. So, in the acidic
state, the drug diffusion rate is higher.

Conclusion
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DOX and PAX are anticancer drugs that have been the subject of plentiful research in vitro studies on
drug delivery systems to cancer cells. Molecular drug delivery studies of DOX-based on carbon nanotubes
have been the subject of this study, which has shown that carbon nanotubes can be a suitable carrier for
these drugs through the mechanism of pH change. In this computational work, the interactions between
DOX and PAX with single-walled nanotubes at different acidic and neutral pHs were investigated.

By applying molecular dynamic simulation, The results indicate the appropriate uptake of the drug occurs
at neutral pH (which is the normal pH of human blood), and its optimal release occurs at acidic pH (which
is the normal pH of the cancerous tissue environment). The effect of dimethyl acrylamide trimethyl
chitosan in this work was investigated, and it was found that chitosan plays a vital role in the release of
DOX and the uptake of PAX. Chitosan also helps to make this carrier more biocompatible.

Fantastically, The results releave that the combination of nanotubes and chitosan is useful for
simultaneous adsorption and release of DOX and PAX.

As a suggestion for future work, this system can be tested in the laboratory environment as well as in the
tissue of living organisms.

Methods
The basis of the molecular dynamics work is the numerical integration of Newton's equations of motion
for every single particle in the system. By applying Newton's equations of motion, a set of atomic
positions is obtained successively. By using molecular dynamics, the state and properties of the system
at any later time can be predicted from its current state. The molecular dynamics consists of the
following three steps:

1. Obtaining the initial particle con�guration, which is the initial coordinates of the atoms and the initial
velocities and physical properties such as the mass, size, and type of atom.

2. Computing the list of neighbors. This list is compiled for each atom in the system and includes all
atoms in the range of the particle's power. The list of neighbors changes every time.

3. Calculating the force applied to each atom based on the con�guration and initial conditions and
calculation of the acceleration of each particle and obtain the new velocity and location of each
particle using one of the integration methods.The continuous nature of more realistic potentials
requires that Newton's equations of motion be integrated by breaking the calculation into a set of
short time steps (between 1 and 10 femtoseconds). At each level, the forces acting on the atoms are
calculated and combined with current positions and velocities to obtain new positions and velocities
within a short time. The force which acts on each atom is assumed to be constant over this time
interval. Therefore, atoms are moved to new positions, a set of forces is calculated, and the process
is repeated. As such, molecular dynamics simulation calculates a path that describes how dynamical
variables change over time

1- Molecular dynamics
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In order to perform molecular dynamics simulations, GROMACS 5.1.2 software was used for input
structures with the oplsaa force �eld. To obtain the parameters of the molecule that were converted to
GROMACS format using ACPYPE script. All the molecules were placed inside the box, and the tip3p water
model was used as the solvent. Energy reduction was performed on all 50,000-step simulation systems
by the steepest descent method to eliminate van der Waals interactions and to form hydrogen bonds
between water molecules and other molecules. In the next step, the system temperature gradually
increased from 0 to 310 K for 100 picoseconds in constant volume, using the Nose-Hoover algorithm as
well as the temperature system coupling rate of 0.5ps and then at the constant pressure was equilibrated
for 200 picoseconds. The Parrinello-Rahman algorithm was used to balance the system pressure.
Molecular dynamics simulation was performed at 37 ° C for 50 ns. The cut-off distance was set at 1.2.
Particle mesh Ewald (pme) was used to calculate the electrostatic force. The LINear Constraint Solver
algorithm was used to maintain the length of all links. In order to increase the computational speed, the
SHAKE algorithm was used to limit the bonds involved in the hydrogen atom

To calculate the permeability coe�cient of the drug in the square vector, we calculate the mean
displacement of the atoms with ‘r’, and ‘t’ represents time. The following formula shows the mean square
of the displacement:

After calculating the MSD, the diffusion coe�cient for the three-dimensional system can be derived from
Einstein's relation.

2- Carbon nanotubes simulation

TubeGen Online web server was used to make a single wall and double wall nanotube molecules. Carbon
dioxide molecules were added to the nanotube surface in both protonated and deprotonated states. The
carbon atom charge in these nanostructures was assumed based on the use of naphthalene structure in
the zero oplsaa force �eld. The types of bonds between carbon atoms were de�ned based on amino
acids phenylalanine (Phe), tyrosine, and tryptophan (Trp). The angle type is also determined using the
angles of the aromatic amino acid phenylalanine ring. The charge and parameters of the functional
groups on this nanostructure were de�ned based on the similar structure existing in the Optimized
Potentials for Liquid Simulation-all atom (OPLS-aa) force �eld. Lenard-Jones models and Columbian
potentials were used to calculate non-bonding interactions such as van der Waals and electrostatic,
respectively.

Abbreviations
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Phe phenylalanine

Trp tryptophan

OPLS-aa Optimized Potentials for Liquid Simulation-all atom

Pme Particle mesh Ewald (

MSD mean square of the displacement:

DMMA-TMC dimethyl Acryl amide-trimethyl chitosan

DOX doxorubicin

PAX paclitaxel

SWCNT Single-walled carbon nanotubes

RDF radial distribution function
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Figure 1

Interaction between CNT and DOX; pH=7.4
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Figure 2

Interaction between CNT and PAX; pH=7.4
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Figure 3

Interaction between CNT and DOX; pH=5.5
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Figure 4

Interaction between CNT and PAX; pH=5.5
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Figure 5

Gyration radius of Drugs and carrier; a: DOX pH=7.4 b: PAX pH7.4 c: DOX pH=5.5 d: PAX pH=5.5
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Figure 6

The RDF value of drugs and CNT a: DOX-CNT pH=7.4 b: PAX-CNT pH=7.4 c: DOX-PAX pH=5.5 d: PAX-CNT
pH=5.5
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Figure 7

mean square displacement for DOX at a; pH=7.4 b:5.5
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