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CHAPTER I 
 

INTRODUCTION 
 
1.1  Research Rationale 
 

 Cancerous cells are identified by cell division, which cannot be controlled as it is 

in normal tissue. Although chemotherapy is one of the best standard treatment for 

cancer but many kinds of cancer respond to chemotherapy drug poorly and side effects 

occur. Because chemotherapy will kill also the normal cells such as the blood cells, the 

cells in the mouth, stomach and bowel, and the hair follicles, not only the cancerous 

cells. The common side effects are low blood counts, mouth sores, nausea, diarrhea, 

and/or hair loss [1]. This problem challenges to not only the development of new 

treatment but also the mechanisms to administer them. Thus, to explore the proper drug 

systems became the current require point.  

 Carbon nanotubes (CNTs) have many attractive unique physical, chemical and 

biological properties. In medical, the important concepts to be benefit from CNTs are 

their ability to reach a cell-scale organization and can deliver drug to targeted site 

without harming normal cells. With this advantage, CNTs can apply to drug delivery 

system to help anticancer drug activate at specific sites. So that to reduce side effect in 

patients and increase ability in treatment. 

 The above event needs to explore the proper drug systems, especially in using 

CNTs as the carrier and to use the molecular dynamics simulation to seek for detailed 

information at the molecular level and becomes the rationale good of this work. 
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1.2  Targeted Drug Delivery 
 

 
 

Figure 1.1 Schematic view of novel drug delivery system [2]. 

 

Adverse effects due to unselective drug availability make limited therapeutic so, 

the use of potentially too high doses become general problem. This barrier can be 

overcome by using nanocarrier based on drug targeting tactics. The main purpose of 

drug targeting is to achieve perfection by improving the selective delivery of drugs to 

the site of action. The current development of cancer therapies is focused on targeted 

drug delivery to do the anticancer agents active at the site of action without damaging 

the normal tissues. In the work of Vasir and Labhasetwar [3], a review of the problems 

related to targeted drug delivery in cancer has been proposed. They provide 

comprehensive issues related to the development of targeted drug delivery systems for 

cancer and deduce that the combination of some of current several technologies for 

targeted drug delivery in cancer may provide results to some of the problems 

encountered. 
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1.3  Carbon Nanotubes 
 

Carbon nanotubes  are nano-scale materials with a graphitic structure that were 

discovered by Iijima in 1991 [4]. Their unique mechanical, electronical, and chemical 

properties have attracted the interest of many scientists in current years. Based on their 

structure, CNTs were classified in two main types. The first type is single walled carbon 

nanotubes (SWCNTs), which compose of single layer of cylinder grapheme sheets and 

the second is multi-walled carbon nanotubes (MWCNTs), which consist of several 

graphene sheets. The diameters of SWCNTs are ranging from 0.4 to 2.0 nm and are in 

the range of 20–1000 nm for lengths, while MWCNTs’ diameters are ranging from 1.4–

100 nm and have the lengths in the range of 1 to several μm [5]. As the SWCNTs consist 

of only one single layer and their properties can be able to control more than MWCNTs, 

therefore it is more desirable to investigate in-depthly. 

 

 
 

Figure 1.2 The structure of open-end single-walled carbon nanotube (left) and multi-

walled carbon nanotube (right). 

 
1.3.1  Basic Structure 
 

SWCNTs are graphene sheets rolled up into cylinder which is formed of benzene 

ring units. They were described in terms of the tube diameter ( d ) and its chiral angle 



 

 
4 

(θ). The chiral vector ( hC ) was defined by two integer ( ,n m ) [6,7] to locate the position 

of all the atoms in graphene sheet. This vector can be performed as 

 

1 2hC na ma= +                (1.1) 

 

 
 

Figure 1.3 Shematic representation of a 2D graphite layer [8]. 

 

Where 1a and 2a  are the unit vectors and the length of unit vector ( a ) was 

defined as 2.46 angstroms. The nanotube diameter ( d )  was described by following 

formula 

 
2 2a n m nmd
π
+ +

=                (1.2) 

 

The chiral angle (θ) of nanotube between 0 and π/6 rad, was defineded as  

  

2 2

3sin
2

m
n nm m

θ =
+ +

  
2 2

2cos
2

n m
n nm m

θ +
=

+ +
             (1.3) 
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The SWCNTs configurations can be determined by the conformation of carbon 

atoms in the graphene sheet. The ( ,n n ) type of the SWCNT represented in Figs. 1.4a-

1.4c is called armchair nanotube while the SWCNTs with ( ,0n ) type are called zigzag 

nanotube and chiral nanotube, respectively. All armchair nanotubes are metallic, while 

the zigzag and chiral nanotubes can be either metallic or semiconducting, depending 

on their chiral vector [6,9]. If the difference n m−  is a multiple of three, a metallic 

nanotubes are obtained, If not, a semiconducting nanotubes are gained. 

 

 
 

Figure 1.4 Structure of single walled carbon nanotubes with (a) armchair, (b) zig-zag, 

and (c) chiral chirality [10]. 

 
1.3.2  Functionalization 
 

Pristine SWCNTs are unfortunately unsolvable and difficult to manipulated in 

many solvents such as water, polymer resins, and most solvents. Physical or chemical 

attaching certain molecules, or functional groups, to SWCNTs’ sidewalls without 

significantly changing their properties make them more dispersible in solvents and may 

be increasing solubility, particularly in aqueous solutions. This process is called 

(a) 

(b) 

(c) 
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functionalization. In recent year, many approaches of SWCNT functionalization have 

been developed. The functionalizations are either defect functionalization, covalent 

functionalization or noncovalent functionalization. The possibilities to functionalized 

SWCNT as shown in Fig. 1.5 are a) defect-group functionalization b) covalent sidewall 

functionalization c) noncovalent exohedral functionalization with surfactants d) 

noncovalent exohedral functionalization with polymers and e) endohedral 

functionalization with, for example C60. Only Fig. 1.5a usually found in real situations, 

other cases are drawn in idealized shape [11].  

 

 
 

Figure 1.5 Functionalization possibilities for SWCNTs [11]. 

 

As SWCNTs can be functionalized by attaching various compounds to them, 

they can usefully imitate biological functions, such as protein adsorption, and bind to 

DNA and drug molecules. This will enable significant applications such as gene therapy 

and drug delivery. 

(a) (b) 

(c) (d) 

(e) 
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1.4  Doxorubicin 
 

Doxorubicin (DOX) is an anthracycline glycoside anti-cancer drug which is 

mainly used in the treatment of several types of cancers such as breast cancer, ovarian 

cancer, lung cancer, bladder cancer, liver cancer, neuroblastoma and etcs. [12]. It acts 

as weak base (pKa=8.3) [13,14] and works by blocking DNA synthesis, and also 

blocking the activity of topoisomerase II, an enzyme that helps to extend the DNA 

molecule earlier to DNA synthesis or RNA transcription [15,16]. DOX is a very strict 

anticancer treatment  which working great harm as well as great good. It attacks to 

rapidly dividing cells and also poison to normal cells which have high division rates for 

example, hair follicle cells, bone marrow cells, and intestinal cells. It is toxic to muscle 

cells as well, especially heart muscle cells. DOX may be used alone or combine with 

other chemotherapy drugs. When used alone, side effects often occur together with 

cardiotoxicity, myelosuppression, nephrotoxicity, and extravasation.  

 

 
 

Figure 1.6 Chemical structure of the doxorubicin anti-cancer drug (DOX) in its 

protonated form where the torsion definitions and atomic labels were also shown. 

 

DOX is well-known for cumulative cardiotoxicity. This implies that there is a 

limited number of DOX that a patient can take before heart will be toxic. The heart 

dilates, resulting in unable of effective pumping, and does not respond to therapy which 

is a side effect that have to be avoid [16].  
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1.5  Molecular Dynamics Approach 
 

 Study of interaction of SWCNT with drug molecule is of great practical 

importance in connection with the problem of selective delivery of drug to cell. Thus, a 

simulation of anticancer drug inside and outside the SWCNT in aqueous medium is 

reported in this study.  

Molecular dynamics (MD) and molecular modeling play an important role in 

trend of development of new materials. Four modelling areas which have the greatest 

potential for industrial impact in the future year are new modeling strategies for complex 

material systems, simulation-based design of new functional materials, computer-guided 

methods for nanotechnology, and modeling of biological and biomimetic materials [17]. 

MD methods are widely applied to investigation of basal problems of natural sciences, 

and also in applied problems of molecular bioengineering, biotechnology, 

nanotechnology, material science, etc.  Drug design is even more an open field for MD 

simulation. 
 
1.6  Literature Reviews on Drug Delivery System 
 

 The problems of anticancer drug management such as insolubility, inefficient 

distribution, lack of selectively and incapacity to cross cellular barrier of drug usually 

limited the development of innovative anticancer therapies. These problems challenge 

researchers to address, many approaches of drug delivery systems have been explored 

in the recent years. As a unique one layer material, SWCNTs have been intensively 

observed as the innovative drug delivery carriers in vitro [18]. SWCNTs can deliver 

various biomolecules such as proteins, drug antibodies and DNA into cell, via 

endocytosis [19]. Moreover, functionalized SWCNTs have shown the ability to entering 

cells without toxicity while nonfunctionalized SWCNTs showing that they are toxic to 

cells and animals [20]. For a chosen anticancer drug, DOX which was widely used in 

various cancer therapies, there are many approaches to it delivery via drug carrier 

combinations. With the amount of undesirable side effects of DOX such as cardiotoxicity 

and myelosuppression, the researchers have studied ways to target DOX delivery to 



 

 
9 

cancer cells or at least to decrease its side effect. Janes et al. [21] developed chitosan 

nanoparticles as carrier for DOX. They have shown that the DOX can be complexed to 

chitosan by incubation and separation of the complexes. Brannon-Peppas and 

Blanchette [22] presented that the dextran and DOX conjugate encapsulated in chitosan 

nanoparticles of ~ 100 nm diameter performed a decrease tumor volumes in mice 

treated while the treatment with DOX alone did not. Vaccari et al. [23] used the two-layer 

porous silicon as drug carrier for controlled delivery of DOX. Lebold et al. [24] examined 

that mesoporous thin silica films can be used as drug carriers for the DOX. Liu et al. [25] 

reported that DOX can be loaded on the surface of phospholipid-poly(ethylene glycol) 

SWCNTs with high loading capacity, one gram of SWCNTs can load about 4 gram of 

DOX which is remarkably higher than that for liposomes and dendrimer drug carriers as 

well. In addition, Heister et al. [19] functionalized SWCNTs with three difference agents 

for drug delivery and shown that SWCNTs can transport an anticancer drug to human 

cancer cells successfully.  

 Most reports above are either experimental or theoretical studies. For this work, 

the MD simulations have been performed for drug delivery system with the SWCNT as 

drug carrier. The anticancer drug, DOX was used for four systems, the first is the system 

of free DOX, the second is DOX binding inside pristine SWCNT, the third is DOX binding 

inside SWCNT with hydroxyl functional groups and the last is the system of DOX binding 

inside SWCNT with carboxyl functional groups. All systems were studied in aqueous 

solution.  

 
1.7  Research Objectives 
 

 The main purposes of this study is to investigate the structural properties of  

anticancer drug, doxorubicin, in both free form and in complex with three types of 

SWCNTs, namely a pristine and the functionalized SWCNTs with –OH and –COOH 

groups on the outer surface. 
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1.8  Scope of the Calculations 
 

 Calculations in this work were classified into two parts. The first part was the 

optimization of the SWCNT. Here, the semi-empirical and ab intio quantum chemical 

calculations were used to optimize the structure of the molecules. The second part was 

MD simulations of the DOX complexed inside and outside the SWCNT and 

functionalized SWCNTs in aqueous solution. All complex models were separately 

simulated using AMBER9 programme over 10 ns.  

 
1.9 Outline of the Report 
 

 This report starts with research rationale in chapter 1 including the concept of 

targeted drug delivery, the history of CNTs covered both basic structure and 

functionalization, the background of DOX and the briefly MD approach. The main 

theoretical backgrounds and MD simulations have been summarized in chapter 2. For 

chapter 3, the calculation details were systematically presented. Next, the results from 

calculations were then, examined and discussed in comparison to the previous works in 

chapter 4. Finally, the summary of structural and dynamics properties of all systems 

have been conclude in chapter 5. 
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CHAPTER II 
 

THEORY 
 

 The term theoretical chemistry can be defined as mathematical description of 

chemistry that normally used when a mathematical method is well developed enough. 

Computational chemistry is the application of chemical, mathematical and computing 

skills to the solution of attractive chemical problems by using computers to generate 

information or simulated experimental results. Unfortunately, only few aspects of 

chemistry can be computed exactly. However, almost every aspect of it has been 

examined in a qualitative or approximate quantitative computational scheme. Today, 

computational chemistry has become a useful method to investigate materials that are 

too difficult to find and also helps chemists make predictions before running the real 

experiments. 

 
2.1  Molecular Dynamics Simulations 
 

In the large system, it is not yet feasible to use quantum mechanics calculation 

to investigate potential energies or other properties such as the relationships between 

structures, function and dynamics at the atomic level. Quantum mechanics is too 

expensive to treat these systems. Thus, the problems become much more adjustable 

when turning to empirical potential energy functions. One of the most important is that 

no events like bond making or breaking can be modeled. 

A molecular dynamics (MD) simulation is one of the principal methods for 

studying biological molecules theoretically. It is widely used for drug design which is 

very common today in the pharmaceutical industry for the testing of a molecule’s 

properties at the computer without the need to synthesis it. The MD method calculates 

behavior of a molecular system with respect to time and has provided detailed 

information concerning the motions of individual particles as a function of time. They can 

be employed to quantify the properties of a system at a precision and on a time scale 
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that is otherwise inaccessible. Therefore the simulation is a valuable tool in extending 

our understanding of model systems.  

 
2.1.1  Basic Theory  
 

The MD simulations method is based on molecular mechanics. It solves the 

Newton’s second law or the equation of motion. As the basic of force on each atom, it 

can be determine the acceleration of each atom in the system. A trajectory obtained 

from integrating the equations of motion has described the positions, velocities and 

accelerations of the particles as they vary with time. The average values of properties 

can then be determined from this trajectory. Once the positions and velocities of each 

atom are known, the state of the system is possible to predict at any time in the future or 

the past.  

The Newton’s equation of motion can be written as 

 

                                                                i i iF m a=                                                        (2.1) 

 

Where iF  is the force exerted on the particle i , im  and ia  are the mass and 

acceleration of the particle i , respectively.  

The force can be rewritten as the gradient of the potential energy. 

 

                                                       i i
i

dVF V
dr

= −∇ = −                                                  (2.2) 

 

Where V  is the potential energy of system thus, iF is the first derivative of V  

with respect to position ir . By combining equation (2.1) and (2.2) yields 

 

                                                        
2

2
i

i
i

d r dVm
dt dr

= −                                                      (2.3) 
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where the second derivative of position ir  with respect to time is the acceleration 

ia . Newton’s equation of motion can then be related the derivative of the potential 

energy to the changes in position as a function of time. 

Due to the acceleration is the first derivative of velocity with respect to time and 

velocity is the first derivative of position with respect to time, the acceleration can then 

be related to the position, velocity and time as following 

 

                                                                dva
dt

=                                                           (2.4) 

 

By integrating the velocity, we obtained 

 

                                                             0v at v= +                                                         (2.5) 

 

and since 

                                                                drv
dt

=                                                            (2.6) 

 

Once again, by integrating the position, we obtained 

 

                                                             0r vt r= +                                                          (2.7) 

 

Combining equation (2.5) and (2.7) yields 

 

                                                        2
0 0r at v t r= + ⋅ +                                                   (2.8) 

 

where 0v  and 0r  are the initial velocity and position, respectively. 

Thus, to calculate a trajectory, the initial positions, an initial distribution of 

velocities and the acceleration of atoms are only needed.  
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2.1.2  Force Fields 
 

In the Newton’s equations of motion, the potential functions are used for 

describing the force or interactions between atoms. The equations for these potential 

energy terms include parameters and the specified set of the equations and parameters 

is so called the force field. 

The energy, E, is a function of the atomic positions R, of all the atoms in the 

system. The value of the energy is calculated as a sum of internal or bonded terms, 

bondedE , which describe the bonds, angles and bond rotations in a molecule, and a sum 

of external or non-bonded terms non bondedE − . These terms account for interaction 

between non-bonded atoms or atoms separated by three or more covalent bonds. The 

general equation of the potential energy function can be written as 

 

                                         ( ) bonded non bondedV R E E −= +                                       (2.9) 

 

where ( )V R  is the potential energy which is a function of the atomic positions R. 

 
Bonded interactions 

 

The bondedE  term consists of the following three terms  

 

                           bonded bonds bond angles torsion anglesE E E E− −= + +                             (2.10) 

 

which correspond to three types of atom movement, 23 234,r θ  and 1234φ  shown in Figure 

2.1.  
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Figure 2.1 Geometry of a simple chain molecule, illustrating the definition of interatomic 

distance 23r  , bend angle 234θ , and torsion angle 1234φ  [26]. 

 

The first term, bondsE  in equation 2.10, represent the energy function for 

stretching a bond between two atoms, atom 2 and atom 3 in Fig. 2.1. It is usually 

assumed to be harmonic in the force fields that do not allow bond breaking. The bond 

stretching energy is given by 

 

                                                       2
0

1
( )

i

bonds b
n

E k r r
=

= −∑                                           (2.11) 

 

where  bk  is the bond stretching constant (kcal·mol-1 (Å)2 ), r  is the bond length (Å) 

between two atoms in the structure and 0r  is the equilibrium distance length for the 

bond (Å). 

The second term, bond anglesE −  in equation 2.10, is the energy function for bending 

an angle between three atoms which is designed to mimic how the energy of bond 

angle changes when it is twisted away from its equilibrium position. It is also assumed to 

be harmonic and can be represented as following 

 

                                                    
2

0
1

( )
i

bonds angles
n

E kθ θ θ−
=

= −∑                                     (2.12) 

 

where kθ  is the angle bending constant (kcal·mol-1 (°)2), θ  is the angle between two 

adjacent bonds (°) and 0θ  is its equilibrium value (°). 
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The third term, torsion anglesE −  in equation 2.10 represents the torsion angle 

potential function which describes how the energy of molecule changes as it undergoes 

a rotation around its middle bond. This potential is regularly expressed as a cosine 

series and is modeled by a simple periodic function. 

  

                                               
1,4

[1 cos( )]torsion angles
pair

E k nφ φ− = −∑                                (2.13) 

 

Where kφ  is the torsional barrier (kcal·mol-1), n  is the periodicity and φ  is the 

torsional angle. 

 
Non-bonded interactions 

 

In addition to the bonded interactions between atoms, force fields also contain 

non-bonded interactions. The non-bonded terms describe the interactions between the 

atoms of different molecules or between atoms that are not directly bonded together in 

the same molecule. Force fields usually divide non-bonded interactions into two which 

are electrostatic interactions and van der Waals interactions.  

 

                                                   non bonded vdw electrostaticE E E− = +                                     (2.14) 

 

The van der Waals energy, vdwE  , describes the repulsion or attraction between 

atoms that are not directly bonded. This term can be interpreted as the part of the 

interaction which is not related to atomic charges. The van der Waals interaction 

between two atoms arises from a balance between repulsive and attractive forces. The 

repulsive force comes up at short distances because the electron-electron interaction is 

strong. The attractive force, also referred to as dispersion force, arises from fluctuations 

in the charge distribution in the electron clouds. The fluctuation in the electron 

distribution on one atom or molecule gives rise to an instantaneous dipole which, in turn, 

induces a dipole in a second atom or molecule giving rise to an attractive interaction. 

One of common form of vdwE  is the Lennard-Jones (L-J) potential, which has the form 
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⎡ ⎤⎛ ⎞ ⎛ ⎞= −⎢ ⎥⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

                                      (2.15) 

 

where two parameters: 0r , the diameter, and ε , the well depth, 6r−  represents the 

attraction interaction and the repulsive part is given by 12r− . The term 
12

r
1
⎟
⎠
⎞

⎜
⎝
⎛ , describes 

repulsion and the 
6

r
1
⎟
⎠
⎞

⎜
⎝
⎛  term describes attraction. The form of the repulsion term has no 

strong theoretical justification. The L-J formula is more convenient due to the ease and 

efficiency of computing as the square of 6r− . The attractive long-range potential is 

derived from dispersion interactions. These two components are shown in Fig. 2.2. 

 

 

Figure 2.2 The Lennard-Jones potential is constructed from a repulsive and an attractive 

component. 

 

Another part of non-bonded interaction is the electrostatic interactions, 

electrostaticE , which is an effective pair potential that describes the interaction between two 

point charges. It is created by negative and positive parts of the molecule. The 

electrostatic interaction between two molecules (or different part of the same molecule) 

is then calculated as a sum of interactions between pairs of point charges using 

Coulomb’s law : 
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                                                   i k
electrostatic

non bonded ik
pair

q qE
Dr−

= ∑                                          (2.16) 

 

where D is the effective dielectric function for the medium and r  is the distance 

between two atoms having charges iq  and kq . 

 

The current potential energy functions (or force field) provide a reasonably good 

compromise between accuracy and computational efficiency. They are often calibrated 

to experimental results and quantum mechanical calculations of small model 

compounds. Their facility to reproduce physical properties calculable by experiment is 

tested; these properties include structural data obtained from x-ray crystallography and 

NMR, dynamic data obtained from spectroscopy and thermodynamic data. The most 

commonly used potential energy functions are AMBER [39], CHARMM [44], GROMACS 

[45] and OPLS [46] force fields. The continuing development of force fields remains an 

intense area of research with implications for both fundamental researches as well as 

applied researches in the pharmaceutical industry. 

 
2.1.3  Periodic Boundary Condition 

 

Periodic boundary conditions are a set of boundary conditions which are usually 

used in mathematical models and computer simulations, to simulate a large system by 

modelling a small part that is far from its edge. In MD simulation, the periodic boundary 

condition was introduced to avoid problems with boundary effect at the edge of 

simulation box where the molecules which stay close to the edge of box receive the 

incomplete interaction.  
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In Figure 2.3, the periodicity was applied to the system of interest in which 

placing at the central box. The atoms outside the central box are simply images of the 

atoms simulated in that box. The box contains a solute and solvent molecules which is 

surrounded with identical images of itself. So-called periodic boundary conditions 

ensure that whenever an atom leaves the simulation box, it is replaced by another with 

exactly the same velocity, entering from the opposite face. Thus, there are no 

boundaries of the central box and the system has no surface. The number of particles in 

the central box is then conserved and no atom feels any surface forces, as these are 

now completely removed. 

 

Figure 2.3 Periodic boundary conditions: As molecule 1 moves from the central box into 

box B it is replaced by its image which moves from box F into the central box. This 

movement is replicated across all the boxes [27]. 
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 2.1.4  Potential Cut-off for Non-bonded Interaction 
 

 The calculation of non-bonded interactions is the most time consuming part in 

MD simulation since all pair are calculated for every pair of atoms in the system. In order 

to reduce calculation time, the total force acting on a particle from neighboring particles 

are of the main contribution. The interactions are evaluated between each pair of 

particles with a distance less than a cut-off radius, cor . This compromises between the 

correction and efficiency. 

 
2.2  Basic Step in MD Simulations 
 

The MD method is deterministic in which the state of the system at any time are 

predictable once positions and velocities of each atom are known. MD simulations are 

sometime time consuming and computational expensive. Nevertheless, the faster and 

cheaper of the computer today bring up the calculation to the nanosecond time scale. 

Figure 2.4 shows the basic step in MD simulation which describes some detail the steps 

taken to setup and run a molecular dynamics simulation. 

 
2.2.1 Initialization 

 

To begin a molecular dynamics simulation, firstly, choose an initial configuration 

of the system, a starting point, or 0t = . The choice of the initial configuration must be 

done carefully as this can influence the quality of the simulation. Prior to starting a 

molecular dynamics simulation, it is advisable to do an energy minimization of the 

structure. This removes any strong van der Waals interactions that may exist, which 

might otherwise lead to local structural distortion and result in an unstable simulation. 

The solvating water molecules are usually obtained from a suitable large box of 

water that has been previous equilibrated. At this point, another energy minimization 

should be done with the protein fixed in its energy minimized position. This allows the 

water molecules to readjust to the protein molecule. 
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2.2.2 Heating the system 
 

Initial velocities at a low temperature are assigned to each atom of the system 

and Newton’s equations of motion are integrated to propagate the system in time. 

During the heating phase, initial velocities are assigned at a low temperature and the 

simulation is started. Periodically, new velocities are assigned at a slightly higher 

temperature and the simulation is allowed to continue. This is repeated until the desired 

temperature is reached. 

 

 

Figure 2.4 The schematic representation of the basic step in MD simulations [28]. 
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2.2.3 Equilibration 
 

Once the desired temperature is reached, the simulation of protein/water system 

continues and during this phase several properties are monitored; in particular, the 

structure, the pressure, the temperature and the energy. The point of the equilibration 

phase is to run the simulation until these properties become stable with respect to time. 

If the temperature increases or decreases significantly, the velocities can be scaled 

such that the temperature returns to near its desired value. 

 
2.2.4 Production phase 

 

The final step of the simulation is to run the simulation in "production" phase for 

the time length desired. This can be from several hundred ps to ns or more. It is during 

the production phase that thermodynamic parameters can be calculated so the 

simulation must conform to one of the ensembles described earlier. 

 
2.3  Analysis of MD Trajectories 
 

In this part, the trajectories which is the production from molecular dynamics 

simulations, were obtained, and then analyzed in different way. Here, several properties 

such as root mean square deviation, fluctuations of dihedral angle and radial distribution 

function in the system, were investigated by module of Amber. 

 
2.3.1 The Root Mean Square Deviation (RMSD) 

 

The RMSD is the measure of the average distances of certain atoms in molecule 

with respect to a reference structure. This value can be defined as least-square fitting 

the structure to the reference. 
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2.4.2 Radial Distribution Function (RDF) 
 

The RDF or the pair correlation function, ( )x yg r− , is a measure to determine the 

correlation between particles within a system. It represents the probability of finding a 

particle of type y  in the spherical volume of radius r  around the central atom of type 

x . In Fig. 2.5, the RDF is defined as the number of particles lying between a distance of 

r  and r dr+  of the center of any given atom. The red particle is the reference particle, 

and blue particles are those which are within the spherical shell, dotted in red . The RDF 

is simple constructed by firstly, choosing an atom in the system and draw a series of 

concentric spheres around it and then set at a small fixed distance ( dr ) apart (see Fig. 

2.5). At regular intervals a snapshot of the system is taken and the number of atoms 

found in each shell is counted and stored. At the end of the simulation, the average 

number of atoms in each shell is calculated. This is then divided by the volume of each 

shell and the average density of atoms in the system. The result is the RDF which 

mathematically formula can be expressed as: 

 

                                         2( ) ( ) / (4 )g r n r r drπ ρ=                                         (2.17) 

 

Where ( )g r  is the RDF, ( )n r  is the mean number of atoms in a shell of width 

dr  at distance r , ρ  is the mean atom density.  

 

 

Figure 2.5  Basic Schematic of the RDF [29]. 
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The RDF is useful in other ways. For example, it is something that can be 

deduced experimentally from x-ray or neutron diffraction studies, thus providing a direct 

comparison between experiment and simulation. It can be also used in conjunction with 

the interatomic pair potential function to calculate the internal energy of the system, 

usually quite accurately. Thus, the RDF is one of the most important analyses in MD 

simulations. 
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CHAPTER III 
 

CALCULATION DETAILS 
 

In this chapter, The modeling and computational details were presented in two 

main parts, (i) geometrical properties of pristine and functionalized SWCNTs were 

studied by quantum chemical calculations and (ii) interaction between DOX and pristine 

and functionalized SWCNTs were studied using molecular dynamics (MD) simulations. 

In this part, the SWCNT of zigzag type was chosen for tube-end functionalization 

because its edge is more reactive with adsorbates than the armchair type [30] which 

suits our model by replacement of all H atoms with chemical groups. For the 

functionalized SWCNTs, the hydroxyl (-OH) and carboxyl (-COOH) functional groups 

were chosen because they are simple groups that can be linkage for other larger 

molecule entities or particles. In addition, these functional groups exist in experiment 

and they can be used to increase the solubility and reactivity of the SWCNTs [31, 32]. 

 
3.1  Modeled System for Molecular Dynamics Simulations 
 

The (28,0) zigzag type of SWCNT was constructed using the Nanotube Modeler 

program[33]. The modeled SWCNT had finite length of 38.89 Å with a diameter of 21.94 

Å where the C-C bond length was 1.42 Å. The two ends of SWCNT were terminated by 

hydrogen atoms (Fig. 3.1a). The tube model used for carrying the DOX drug consists of 

1008 carbon atoms and 56 hydrogen atoms. In case of functionalized SWCNTs, the side 

walls of the tubes were terminated with -OH and -COOH functional groups (Figs. 3.1b-

3.1c) where the site density of functional groups on surface is 1.59/nm2 [34]. The atomic 

coordinates of DOX were regained from the Drug Data Bank Database (entry code: 

DB00997) [35,36] and the missing hydrogen atoms were, then, added by considering 

the hybridization of the covalent bonds. The relatively high pKa 8.3 value of DOX [13,14] 

suggests us to treat its chemical structure in the protonated form or weak base (Fig. 

1.6). To prepare the starting structures of the DOX-SWCNT complexes, the DOX was 
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placed inside (DOXin-SWCNT, Figs. 3.2a) and outside (DOXout -SWCNT, Figs. 3.2b) the 

SWCNT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic views of the (a) pristine SWCNT or -H (b) -OH and (c) -COOH 

terminated on the surface of the (28,0) SWCNTs. 

 
 

(a) 

(b) 

(c) 
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Figure 3.2  Top and side views of the DOX molecule (a) filling inside the pore (DOXin-

SWCNT) and (b) wrapping on the outer surface (DOXout-SWCNT) of the (28,0) zigzag 

single-wall carbon nanotube where the origin of the Cartesian coordinate is at the center 

of the gravity of the SWCNT and z-axis is parallel to the tube-axis. 

 

The AMBER99 force fields [37] involving atom type CA, designed for aromatic 

carbon atoms, were applied for the SWCNT. To construct the atomic charges and 

parameters for the DOX, the structure optimization was performed with the HF/6-31G(d) 

calculation to refine the drug geometry using Gaussian03 program [38]. Consequently, 

the electrostatic potentials surrounding a drug molecule were calculated using the same 

level of theory and basis set as applied in the optimization step. The RESP charges were 

generated by the RESP module of AMBER10 [39], in which the partial charge 

distributions among identical atoms were fitted into the same value. The force fields of 

DOX were assigned using the Antechamber suite of programme and the missing 

parameters were obtained from the Generalized AMBER Force Field (GAFF) [40]. 
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(a) 

 

(c) 

 

(b) 

 

(d) 

 

 

Figure 3.3  Side and top views of the DOX molecule (a) filling the pore and (b) wrapping 

on the outer surface of the (28,0) zigzag SWCNT and (c), (d) filling the pore of the 

functionalized OH-SWCNT and COOH-SWCNT, respectively. 

 
3.2 Simulations Details 
 

 The DOX in free state (DOXfree) and four models of DOX-SWCNT complexes were 

separately prepared using the LEaP module of AMBER10 software package. Each 

system was solvated with the simple point charge (SPC) water model in the truncated 

octagonal box and neutralized by a chloride ion, leading to total atoms of 5,017 for the 

DOXfree, 18,420 for the DOXin-SWCNT, 18,018 for the DOXin-OH-SWCNT, 17,922 for the 

DOXin-COOH-SWCNT and 19,698 for the DOXout-SWCNT systems. All MD simulations 

under periodic boundary condition were performed with the NPT ensemble using 

AMBER10. The particle mesh Ewald method [41] was used to handle the long-range 

electrostatic interactions while the SHAKE algorithm [42] was employed to constrain all 

bonds involving hydrogen atoms. A time step of 2 fs and pressure of 1 atm were applied 

with the cutoff of 12 Å for nonbonded interactions. The Berendsen coupling time [43] of 

0.2 ps was used to control both temperature and pressure. 
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 CHAPTER IV 
 

RESULTS AND DISCUSSIONS 
 

4.1  Molecular Dynamics Simulations of the DOX-SWCNT Complexes 
 

4.1.1  Change of the DOX conformation 
 

 
 

Figure 4.1 Distribution of the torsional angles (τ1-τ4 defined in Fig. 1.6) of the free DOX in 

bulk water (dash black), and the DOX bound inside (solid black) and outside (solid 

gray) the SWCNT. 
 

To examine the conformation of the DOX in free and complex forms, four 

torsional angles, τ1-τ4, of the DOX (defined in Fig. 1.6) in the three states were 

investigated and compared in Fig. 4.1. 

By considering the lilted angles, τ1 and τ2, between the tetracyclic and the 

aminoglycosidic groups of the DOX (see Fig. 1.6 for definition), the DOX inside the tube 

is less flexible than those in the other two forms, DOXfree and DOXout-SWCNT complex, 

indicated by a sharp and narrow peak at τ1 = -125º and τ2 = -78º (Figs. 4.1a and 4.1b). 

The most flexible one is the DOXfree where three and two favorable conformations 

represent by τ1 (-156º, -123º and -77º) and τ2 (-154º and -70º) were, respectively, found. 

For the DOXout-SWCNT, the DOX conformation is characterized by the two peaks of τ1 (-

153° and -85º) and two peaks of τ2 (-159° and -62º). Flexibility of the –OCH3 and –
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COCH2OH side chains of the DOX is monitored by the τ3 and τ4, respectively. As 

indicated (Fig. 4.1c) by the two separated peaks (τ3 = -77º and 79º), the two overlapped 

peaks (τ3 = 11º and 77º) and one broad peak (τ3 = 38º), the –OCH3 group in free form is, 

as expected, more flexible than that of the DOX wrapping outside and filling inside the 

SWCNT. Interestingly, the –COCH2OH group of the DOX inside the tube clearly shows 

two distinct and almost symmetric conformations of τ4 = 1º and 121º. This is due to the 

steric hindrance and, hence, the energy barrier, with the aminoglycosidic ring because 

the tetracyclic ring of the DOX in the DOXin-SWCNT binds to the inner surface of the 

SWCNT (see also snapshots in Figs. 4.4b and 4.4c). 

 
4.1.2 Translation of DOX molecule inside and outside the SWCNT 

 
4.1.2.1 DOX inside the SWCNT 
 

 
 
Figure 4.2 Probability distributions of the center of gravity, P(Cg), of the doxorubicin 

drug encapsulated inside the SWCNT (DOXin-SWNT) (a) projected to the tube-axis (z-

axis, defined in Fig. 3.2b) where distance from the origin of the Cartesian coordinate and 

the Cg of drug as a function of simulation time was given as an inset, and (b) averaged 

and projected to x- and y-axes.  

 

4.5 Å 
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To verify whether the SWCNT is capable for being used as nano-container in 

drug delivery application, the probability of finding the DOX drug, P(Cg), represented by 

its center of gravity (Cg) projected to the tube-axis (z-axis defined in Fig. 3.2b) and 

averaged to the x- and y- axes of the SWCNT. The results were given in Fig. 4.2 where 

distance from the origin of the Cartesian coordinate (defined in Fig. 3.2b) and the Cg of 

drug as a function of simulation time was also given as an inset. 

The P(Cg) along the tube-axis (Fig. 4.2b) decreases exponentially as a function 

of the distances from the two ends of the tube, indicated that the DOX molecule is able 

to move freely along the length of 38.89 Å of the SWCNT and remains only inside the 

SWCNT. Noticeably, the drug never visits at distance of < 4.5 Å from the two ends. This 

is because the drug molecule could not overcome the energy barrier due to the 

repulsion with the hydrogen atoms at both ends. Noted that the symmetric distribution of 

the P(Cg) plot is expected if the simulation time is long enough. As a function of 

simulation time, drug molecule was found to move freely from one to the other ends of 

the SWCNT (an inset of Fig. 4.2), in corresponding with the P(Cg) plot shown in Fig. 

4.2a. 

In the same manner, a single sharp peak at 6.50 Å of the averaged probability 

plot of the Cg of drug in the direction perpendicular to the SWCNT surface (Fig. 4.2b) 

indicates the most probable distance of drug molecule far away from the tube-axis. On 

the other word, preferential coordinate of drug molecule is ~ 4.5 Å from the inner surface 

of the SWCNT, the diameter of the tube is 21.94 Å. In summary, the data from the Cg 

distribution plots suggested us to conclude that the drug molecule was found to move 

parallel to the inner surface of the SWCNT (with the distance to the Cg of ~ 4.5 Å) from 

one to the other ends of the SWCNT (Fig. 4.2a). 
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4.1.2.2 DOX outside the SWCNT 
 

 
 

Figure 4.3 Probability distributions of the center of gravity, P(Cg), of the doxorubicin 

drug encapsulated inside the SWCNT (DOXout-SWNT) (a) projected to the tube-axis (z-

axis, defined in Fig. 3.2) where distance from the origin of the Cartesian coordinate and 

the Cg of drug as a function of simulation time was given as an inset and (b) averaged 

and projected to x- and y-axes. 

 

Similar to those of the DOXin-SWCNT, probability of finding the Cg of the 

doxorubicin drug binding outside the SWCNT (DOXout-SWCNT) were calculated and 

shown in Figs. 4.3a and 4.3b. The plot representing the DOX movement in the direction 

perpendicular to the tube surface (Fig. 4.3b) show a pronounce peak centered at 15 Å 

from the origin, i.e., ~ 4.0 Å from the outer surface of the tube. Along the tube-axis, the 

plot shows two broad peaks centered at ~ -2 Å and 10 Å without access to the two 

ends. Formation of the two peaks, the two regions which drug spent more time than the 

other area, are because of the interaction between drug molecule and the H atoms at 

the two ends while asymmetric of the peak positions is due to the asymmetric of the 

drug molecule, its Cg is not at the center of the molecule. The observed result is 

consistent with the distribution plot as a function of simulation time shown in Fig. 4.3b in 

which the drug molecule was found to move freely from one to the other ends.  

4 Å 
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However, the distribution plots in Fig. 4.4 indicate obviously that the SWCNT 

terminated with the H atoms shows possibility to serve as a drug-container, i.e., the 

drug-SWCNT complexes, both inside and outside were held inside the SWCNT during 

the whole simulation.  
 

4.1.3 Drug orientation inside and outside the SWCNT 
 

To monitor the probable aromatic stacking interactions between the DOX 

molecule and the wall surface of the SWCNT drug carrier, the atom-atom radial 

distribution functions [RDFs, gij(r)—the probability of finding a particle of type j within a 

sphere radius r around the particle of type i] are calculated. Here, i represents the 

selected carbon atom of drug and j denotes all carbon atoms of the SWCNT. The results 

for the two complexes, DOXin-SWCNT and DOXout-SWCNT, were plotted and compared 

in Fig. 4.4. Their corresponding drug bound structures taken from the MD snapshots 

were also depicted. Here, the four carbon atoms, C1 and C4-C6 (defined in Fig. 1.6) were 

used to represent planarity of the three aromatic hydroxyanthraquinonic rings of the 

drug molecule. 

The RDF plots for C1 and C4-C6 atoms of drug in the DOXin-SWCNT complex (Fig. 

4.4a) show clear peaks with maxima at 3.6, 3.7, 4.0 and 3.8 Å, respectively. This means 

that the distances from those C atoms of the drug to the nearest atom of the SWCNT are 

almost the same, indicating the aromatic stacking orientation of the tetracyclic in which 

its alignment is somehow parallel to the inner surface of the SWCNT. Schematic 

representations of such conformation taken from the MD snapshots and shown in Figs. 

4.4b and 4.4c confirm such conclusion evidently. Such tilled orientation, the four 

distances are slightly different, is due to the steric hindrance between the inner surface 

curvature of the SWCNT and the drug side chains.  

For the DOXout-SWCNT complex (Fig. 4.4d), the curvature effect on the drug 

structure was not observed. Here, orientation of the three aromatic 

hydroxyanthraquinonic rings of drug molecule was found to parallel to the tube z-axis, 

i.e., it is well aligned on the curvature of outer surface. This conclusion was indicated by 

the maxima of the C1 and C2-C4 RDFs which take place at the same distance of ~ 3.9 Å. 
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Schematic representation of the DOXout-SWCNT was shown in Figs. 4.4e and 4.4f. In 

contrast to that in the DOXin-SWCNT, an alignment of the aromatic 

hydroxyanthraquinonic ring of the drug molecule in the DOXout-SWCNT complex does 

not parallel to the tube axis (compare Fig. 4.4b and Fig. 4.4f). The data for both 

complexes suggested that the π-π stacking interactions between the aromatic rings of 

the DOX and its transporter are better formed in the DOXout-SWCNT than that in the 

DOXin-SWCNT systems. This can be the reason why the DOX outside the SWCNT is 

more often reported as the alternative way to modify the SWCNT to be drug-container in 

drug delivery application [19,25]. 

 

 
 

Figure 4.4 RDFs from the four carbon atoms, C1 and C4-C6 defined in Fig. 1.6, on the 

three-aromatic hydroxyanthraquinonic rings of drug molecule to C atoms of the SWCNT 

for the (a) DOXin-SWCNT and (d) DOXout-SWCNT complexes where their corresponding 

drug bound structures; (b) and c) for the DOXin-SWCNT; (e) and (f) for the DOXout-

SWCNT, were also depicted. 
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4.1.4 Solvation structure of drug 
 

 Probability of finding water molecules around the heteroatoms of drug molecule 

is considered and determined in terms of the atom-atom radial distribution functions. 

The RDF plots for the three systems studied (DOXfree, DOXin-SWCNT and DOXout-

SWCNT) were shown in Fig. 4.5 together with the corresponding running integration 

numbers, n(r).  

 

 
 

Figure 4.5 RDFs of water molecules around heteroatoms of drug for the three systems; 

DOXfree, DOXin-SWCNT and DOXout-SWCNT. 

 

The RDF plots in Fig. 4.5 denote the distribution of oxygen atom of water 

molecule around the selected heteroatoms of the drug in which usually the peak at ∼3 Å 
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represents the first shell solvation, sharpening of the first peak signifies how strong the 

solvent coordinates to the central atom while the height of the first minimum refers to 

resident time, how long solvent molecule stays in the first hydration shell. As can be 

seen, the plots for the three systems either with or without the SWCNT drug carrier show 

a first peak at ∼3 Å indicated that almost all atoms were considerably solvated by water 

molecules. As expected, among the three systems, the drug in free form, DOXfree, was 

better solvated than that in the DOXout-SWCNT and the DOXin-SWCNT, respectively. 

Detailed comparisons, especially among the two complexes, were further discussed.  

The RDFs plots can be classified according to the feature into three sets; (i) a 

sharp and narrow first peak at ~ 2.7-2.8 Å with a clear minimum of the [O6, O7, O8, O11 

and N] exhibits their firm hydration shell (Figs. 4.5f-4.5h, 4.5k and 4.5l); (ii) a broad peak 

at ~3 Å of the [O1, O3, O4 and O10] denotes a movable solvation (Figs. 4.5a, 4.5c, 4.5d 

and 4.5j); (iii) a disappearing of the peak at the region ~3 Å of the [O2, O5 and O9] 

means that those atoms cannot be accessed by solvent (Figs. 4.5b, 4.5e and 4.5i). 

Interest is paid on the O10 atom of the six-memberred ring oxygen (Fig. 4.5j) in which 

without water was detected within the distance ≤ ~4.5 Å in the DOXin-SWCNT, i.e., the 

waters totally shielded by the inner surface of the SWCNT (see Fig. 1.6 for atomic labels 

and Figs. 4.4b and 4.4c for the schematic orientation). The O10 atom was partially 

shielded, leading to the CN of one water molecule (Fig. 4.5j, gray line), for the DOXout-

SWCNT (schematic orientation shown in Figs. 4.4e and 4.4f). This is not the case for the 

DOXfree, therefore, the O10 atom in this state was found to solvated by two water 

molecules (Fig. 4.5j, dash line). Note that the CN is the n(r) integrated up to the first 

minimum of the RDF, i.e., this number represents the number of water molecules 

positioning in the first hydration shell around the central atom. 

In terms of the running integration number, n(r), it can be evidently seen from 

almost all atoms that the plots for the DOXfree (dash lines in Fig. 4.5) is much higher than 

those of the DOXout-SWCNT (gray lines) and DOXin-SWCNT (black line), especially at the 

atoms substituted on the three planar and aromatic hydroxyanthraquinonic rings of 

doxorubicin. Therefore, the ordering of water accessibility is of DOXfree >> DOXout-

SWCNT > DOXin-SWCNT. This is due the curvature effect and the volume constrain in 
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which the inner surface was, as expected, found to play stronger role than that of the 

outer one. 
 
4.2  Molecular Dynamics Simulations of the Functionaled DOX-SWCNT Complexes 
 

 In this section, the MD results for the functionalized SWCNT complexed inside 

the DOXin-SWCNTOH and DOXin-SWCNTCOOH were shown and discussed in comparison 

to those of the pristine SWCNT. 

 In comparison to those of the pristine SWCNT, changes of the DOX 

conformation, position of the DOX both along the tube axis and perpendicular to the 

surface of the tube as well as drug orientations for the functionalized SWCNTOH and 

SWCNTCOOH were plotted in Figs. 4.6-4.9, respectively. 

 
4.2.1  Conformation, Position and Orientation of DOX inside the Functionalized 

SWCNT 
 

 
 

Figure 4.6  Angle distribution for the internal torsion angles (τ1- τ4  defined in Fig. 1.6) of 

the DOX bound inside pristine SWCNT (solid black), the DOX bound inside OH-SWCNT 

(solid gray) and the DOX bound inside COOH-SWCNT (dash black). 
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Figure 4.7  Local density distributions for the center of mass of (a, b) DOX drug 

encapsulated in SWCNT (c, d) DOX drug encapsulated in SWCNTOH and (e, f) DOX 

drug encapsulated in SWCNTCOOH projected to  the diameter (xy-plane) and  the length 

(z-axis) of tube. 
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Figure 4.8  RDFs from the four-memberred planar of DOX to carbon atoms of SWCNT for 

(a,b) the DOXin-SWCNT system (c,d) the DOXin-SWCNTOH system and (e,f) the DOXin-

SWCNTCOOH system. 
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Figure 4.9  RDFs of water molecules around ligand atoms for the three systems of DOX 

inside pristine SWCNT, DOX inside SWCNTOH and DOX inside SWCNTCOOH. 

 

 As can be clearly seen from Figs. 4.6-4.9 that all structural data yielded from the 

pristine SWCNT are almost the same as those found for the SWCNTOH and SWCNTCOOH. 

This indicates that substitutions by the –OH and –COOH groups significantly. 
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CHAPTER V 
 

CONCLUSIONS 
 

 Molecular dynamics simulations provide insight into the structure and dynamics 

of the doxorubicin anticancer drug carried by the single walled carbon nanotube 

(SWCNT). The pristine SWCNT with drug bound inside (DOXin-SWCNT) and outside 

(DOXout-SWCNT) were studied in comparison to the drug in free state (DOXfree). During 

10 ns simulations, it was found that the collaborative interaction with the surface of the 

tube has caused a less flexibility of the aminoglycosidic and –OCH3 groups of drug 

inside the tube relative to those of the other two systems, DOXout-SWCNT and DOXfree. 

Additionally, the formation of aromatic stacking interaction was detected between the 

aromatic hydroxyanthraquinonic rings of drug and the inner surface of SWCNT. This 

interaction is slightly stronger in the DOXout-SWCNT complex due to lacking the steric 

hindrance and the curvature effect on the drug structure. According to the local density 

distributions of drug projected to the diameter (xy-plane) and the length (z-axis) of 

SWCNT, the drug was observed to move from one end to the other of the SWCNT not 

along the parallel to the tube axis at the center of the tube but the displacement is at the 

distance (from the center of mass of the drug) of 4 Å from the inner surface of the tube. 

This data indicates that drug always positions and interacts with the wall surface in both 

complexes. Moreover, the drug binding inside the two modified SWCNT surfaces with 

the -OH and –COOH functional groups were also studied in the same manner of the 

pristine SWCNT system. However, there are no significant differences between the 

structural data obtained from the functionalized SWCNTs and those of the pristine 

SWCNT. 
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