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Molecular d){ stions. i solution were carried out to

understand molecu rope g, carried by single-walled
carbon nanotube (S : ﬁq&m free form (DOX,,,) and its
complexes both insid S\ : ide (DOX,,-SWCNT) the pristine

DOX,,-SWCNT is much less ﬂ_ i han tha the other two forms. The DOX in both

- ‘J;@.
complexes was aﬁo ebserved tii fofm aromati zta

cking interaction with the

CNT and DOX,,-SWCNT

out

complexes were fomﬂj to Ir o the @er of the SWCNT, parallel to

the tube surface at the distance (from t%g, center of mass of the drug to the tube

surface) of ﬂ %H d'a %@twy‘} wﬁﬁqrﬂ ‘(Ens were also extended

to the DOX, %l)mplexed inside ﬂp -OH and —COOH functlonallzed SWCNTs. The

s GV PV YY) s oo

obtained from the functionalized SWCNTs (OH-SWCNT and COOH-SWCNT) and
those of the pristine SWCNT.
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CHAPTER |

INTRODUCTION

1.1 Research Rationale

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

in normal tissue. Although che e of the best standard treatment for

cancer but many kinds of car -' erapy drug poorly and side effects

cells in the mouth, stom

cells. The common side

systems became the c

Carbon nanotube lave h ive unigue physical, chemical and
biological properties. In m the ir | oncepts to be benefit from CNTs are
their ability to reach a cell- sea-le’ﬁ?d*a. an deliver drug to targeted site

system to help anUcanjij d sites. ﬂo that to reduce side effect in

patients and increase ablllty in treatment.

PN N T g o

CNTs as the cafirier and to use the molecular dynamlcs S|mulat|on to seek for detailed

THWITRN T IR



1.2 Targeted Drug Delivery

Figure 1.1 Sehe afid’ViQW otindi/el drug delivery system [2].
& dd
b o A w2y

[

Adverse effects due t /(o unselectlve df’ﬁg availability make limited therapeutic so,
755/

|' i
the use of potentially too high deﬁes bec&aae general problem. This barrier can be

overcome by using najnooamer’based on df‘ug‘iargetmg t,actlcs The main purpose of

drug targeting is to. agjneve perfection by improving the Sejectlve delivery of drugs to
the site of action. The C}Jrrent development of cancer th_erap|es is focused on targeted
drug delivery to do the anticancer agents active at the si_te of action without damaging
the normal tissiies.|In the work of Vasirland Labhasetwar [3], areview of the problems
related to targeted drug delivery .in cancer has been proposed. They provide
comprehensive issuesyrelated 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.



1.3 Carbon Nanotubes

Carbon nanotubes are nano-scale materials with a graphitic structure that were
discovered by lijima 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 oarb (MWCNTs), which consist of several

graphene sheets. The diam gmg from 0.4 to 2.0 nm and are in

the range of 201000 n diameters are ranging from 1.4—

W [5]. As the SWCNTSs consist

of only one single layer a € ' i 3 .to control more than MWCNTSs,

100 nm and have the lengt

Slnglg, -walled Multi-walled

FFWEJ“’}“F’FEJ P13 B o

F'g”reﬁ'fﬁe"lt j’ﬁﬁl ST re)ray

walled cqrbon nanotu
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



(0). The chiral vector (C,) 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

C, = na, + ma, (1.1)

D. graphite layer [8].
X

s and the ,_ gth of unit vector (a) was

b |
Where a,and a, are

defined as 2.46 angstromis..The nanotube giameter (d) was described by following

emie P UBIVIENINEINT

N ¢ o v
ARINNNIWAARINYINEY s

The chiral angle (6) of nanotube between 0 and 7/6 rad, was defineded as

sind = \/§m cosf = Zntm (1.3)

2In? +nm +m? on? +nm+m?




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 (n,0) 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.

Gl € ARl

Figure 1.4 Strﬁyﬁgﬁ ﬂlﬂdﬂ%’wgﬂﬂ ﬁ armchair, (b) zig-zag,

and (c) chiral ¢

- AMARINTUUMINGIAY

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



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 ¢) noncovalent exohedral functionalization with surfactants d)
noncovalent exohedral functionalization with polymers and e) endohedral

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

© e

N ¢ : o v/
ARIANN I W1INYIa L

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.



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

w ‘enzyme that helps to extend the DNA
//&tion [15,16]. DOX is a very strict

anticancer treatment V\Wg g'géat harm=as well as great good. It attacks to

.Wh have high division rates for

“an stinal cells. It is toxic to muscle
&used alone or combine with
, Side effects often occur together with

ity, and extravasation.

blocking the activity of topoisom

molecule earlier to DNA sy

rapidly dividing cells an
example, hair follicle cell
cells as well, especially

other chemotherapy

cardiotoxicity, myelosu

Figure 1.6 Chg?lnical structure of sthe doxorubﬂn anti—cancerqgrug (DOX) in its
oo VB A TR IR Y obd o
9

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].



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 desigh of new functional materials, computer-guided
methods for nanotechnologys@ndmodeling of biclegical and biomimetic materials [17].
MD methods are widely applied 10 investigation of basal problems of natural sciences,
and also in applied gpropblems: of molecular bioengineering, biotechnology,
nanotechnology, material s€ience, &tc. Dr_gjg,_design is even more an open field for MD
simulation. fl

J '}_:’._.
1.6 Literature Reviews on Drug _DeijVery Sysieén;,

g

The problems‘of anticaﬁcer drug mraﬁagement such as insolubility, inefficient
distribution, lack of sélectively 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 yearsi®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 andi'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



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 sufface.of phospholipid-poly(ethylene glycol)
SWCNTs with high loading capacity, one gram of SWCNTs can load about 4 gram of
DOX which is remarkably higherthan 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 ‘ean transport an anticancer drug to human

_—

cancer cells successfully. J ;

Most reports above are €ither expe’:_r‘_iamqntal or theoretical studies. For this work,
the MD simulations have been perf_é_rmed fo_irglrug delivery system with the SWCNT as
drug carrier. The anticancer drug;DOX was @d‘for four systems, the first is the system
of free DOX, the second is DOX binding insidg_'-pﬁistine SWCNT, the third is DOX binding
inside SWCNT with Ryeraxylfunctional groups and the IasIJ:S-the system of DOX binding

inside SWCNT with darboxyl functional groups. All syster{{s were studied in aqueous

solution.
1.7 Research Qbjectives

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

W

simulated using AMBER9§'
1.9 Outline of the Report/ 4
This report stas/

targeted drug delivel

er 1 including the concept of
" both basic structure and
functionalization, the MD approach. The main
theoretical background summarized in chapter 2. For
chapter 3, the calculatio 3 esented. Next, the results from
calculations were then, exan dép in comparison to the previous works in
chapter 4. Finally, the _‘gar :"3.:::‘ : dynamics properties of all systems

have been conclude:in chapter 5 : e

AULINENTNEINS
AN TUNN NN Y



CHAPTER I
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 resuits...Unfortunately, only few aspects of
chemistry can be computed exactly. ﬁowever, almost every aspect of it has been
examined in a qualitative_er approximate quantitative computational scheme. Today,
computational chemistry mas become a dseful method to investigate materials that are
too difficult to find and also helps chemijst’s' make predictions before running the real

_—

experiments. J /

2.1 Molecular Dynamics Simulations <4

-'lj'!,l
il

In the large system, it.is not yet feaélb_lé;ta use quantum mechanics calculation

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

structures, function ard dynamics at the atomic level- Quantum mechanics is too
expensive to treat these systems. Thus, the problems become much more adjustable
when turning terempirical potentialfenergyfunctions. |One«of, the most important is that
no events like bend making or breaking can be modeled.

A meleeular, dynamics«(MD) simulation, isyone, of jthe 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 acceleratio in the system. A trajectory obtained

from integrating the equati ibed the positions, velocities and

accelerations of the parti i Fhe average values of properties
can then be determine n\- osmons and velocities of each
atom are known, the state \ Sible to dICt at any time in the future or

the past.

The Newton’s
(2.1)

Where F; is the '__-'__:;‘t_:_tr____‘,._’ particle i, m, and qa; are the mass and
acceleration of the patiicle 7, respectively —

The force can Se re o ntial energy.

ﬂuﬂqwﬁWﬁﬁﬁﬂni 22
AN IR TRIUBAIN BV oo o+

with resp%ot to position 7,. By combining equation (2.1) and (2.2) yields

d*r dv
" dtg T4 (2.3)
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where the second derivative of position 7, with respect to time is the acceleration
a;. 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

(2.4)
By integrating the veloci
(2.5)
and since
(2.6)
Once again, by integrating ;1;_‘,'7;
T (2.7)
|
RN NN
U
(2.8)

- ) - g v o+ ) s
RN TN ARTINa Y
where v, and 7, 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

d rotations in a molecule, and a sum
of external or non-bond 7 — terms account for interaction

hree or more covalent bonds. The

general equation of the p [ > an ritten as

Bonded interactions <~ g-:‘-ﬂ

The Ebonded .v,; " & r":“
- !

qudireiiingns "
MY N el 0



15

Figure 2.1 Geometry of a si

distance r,, , bend angle

The first term, Juati 1 ( nt the energy function for
stretching a bond betw
assumed to be harmonic i ¢ _ ields tha llow bond breaking. The bond

stretching energy is gi

2.11)
where k, is the o* retchir “'\‘ r is the bond length (A)

between two atoms i I e structure and 7, is the equmrium distance length for the

2

A ‘a @
The seﬁJjﬁJJrEJ lg;l:ﬂg,}-ij) ngow 1EJis’t]wnnjgy function for bending
an angle between three atoms whiéh is desigieﬁ.to mimic howhe energy of bond
e

angle a‘inﬂ%aﬂ\j ﬂ@ mu% Lﬁlm E.Jsftlfa iEJIso assumed to

be harmonic and can be represented as following

bond (

2

Ebonds—angles = Z kﬁ (9 - 00) (2 1 2)
n=1

where k, is the angle bending constant (kcal-mol'1 (°)2), @ is the angle between two

adjacent bonds (°) and 6, is its equilibrium value (°).
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The third term, E

torsion—angles

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.

Etorsion—angles = z k¢[1 - COS(”¢)] (21 3)

1,4 pair

Where k¢ is the torsional barrier (kcal-mol'1), n is the periodicity and ¢ is the

torsional angle.

Non-bonded interactions

In addition to thesbonded interactiggs between atoms, force fields also contain
non-bonded interactions. Fhe non—bonded‘;.te’ﬁms describe the interactions between the
atoms of different molecules or between af{jms_—that are not directly bonded together in
the same molecule. Force fields usually di\;iée_non—bonded interactions into two which
are electrostatic interactions and van der Waé_i-s;ijﬁteraotions.

| el

E . +E

electrostatic

7 f 3 EnonAbonded = vdw (2 1 4)

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

vdw !
atoms that aremot 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 ltwo atomsarises from, a-balance ‘between repulsive ‘and-attractive forces. The
repulsiveiforce 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 E , is the Lennard-Jones (L-J) potential, which has the form
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12 6
E, = Kr—"j —2(ﬁ” (2.15)
r r

where two parameters: r,, the diameter, and &, the well depth, r® represents the

12
1
attraction interaction and the repulsive part is given by r'. The term [—] , describes
r

6
1
repulsion and the (—) term describes attraction. The form of the repulsion term has no
r

strong theoretical justification. T

Figure 2.2 Thea ucﬂ;l %L&Lm ﬁ th faTQrgulswe and an attractive

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

E

electrostatic

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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-y 44 (2.16)

non—bonded D ’/;'k
pair

electrostatic

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

between two atoms having charges ¢; and g, .

The current potential ener: r force field) provide a reasonably good

compromise between accur. fficiency. They are often calibrated

[ calculations of small model

to experimental results-ﬁd—qtentuwj

compounds. Their facili(

tested; these properties i

erties calculable by experiment is
from x-ray crystallography and
NMR, dynamic data obtaj s hermodynamic data. The most
commonly used pote , CHARMM [44], GROMACS
[45] and OPLS [46] for ent of force fields remains an

intense area of research ications for amental researches as well as

Periodic boundl-ally
used in mathematica “ﬁ tf lation e imulate a large system by
modelling a s urEI [ fﬁ%d .ﬁ@sﬂﬁiﬁthe periodic boundary
condition was introduced to avoid‘problems with boundary effeé¢t at the edge of
simulati ﬁ 9321

b bk Wb el e el b S b oot e

incomplete interaction.

conditions are a set of boundag conditions which are usually
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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 a\ﬂ{\"{ff feels any surface forces, as these are

now completely removed.

N

%

A“‘*'ﬂ

= i!
-,
il

o
4

T ) R
=
el

;.‘

Figwe 26 Wﬂ HUB I URA IV Rbo

box B |tqs 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, 7, . This compromises between the

correction and efficiency.
2.2 Basic Step in MD Simulations ot

The MD method is @éterministic in which the state of the system at any time are
predictable once positionssand elocities of each atom are known. MD simulations are
sometime time consuming and computati§na_l expensive. Nevertheless, the faster and
cheaper of the computer today bringup tif\e calculation to the nanosecond time scale.
Figure 2.4 shows the basie step iﬁ MD SImula,non which describes some detail the steps

i

taken to setup and run a moléculardynamics simulation.

| el

2.2.1 Initializatiqn

To begin a molecular dynamics simulation, firstly;-<¢hoose an initial configuration
of the system, a,starting paint, .or £.=0. The Choice of the_initial configuration must be
done carefully’ as thisean ‘influence' the quality" of«the 'simulation. Prior to starting a
molecular dynamics simulation, it iS advisable t6¢*do an energy“minimization of the
structure, This removes any strongivan. der. Waalg interactions thatimay 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. \

NS
/ﬁl'll\\\ ~

ZEARRY

(AN

Rescale|Ve o o
ANEINETINEINS
asnindsr s Y

Analysis of Trajectories

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 t ’fﬁed value.

2.2.4 Production phase~ J'

the time length desired. Thi fror al h s to ns or more. It is during

the production phas ..-7 ame ‘can be calculated so the

In this part u% trajectories which is ion, from molecular dynamics

simulations, were o j and th y. Here, several properties

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

?ﬁmﬁ RSN ETHS

2.3.1 The Root Mean Square‘Dewatlon RMSD)

AWIANTISDI A AN Y

T%e 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, g (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 » 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 spherical shell, dotted in red . The RDF

is simple constructed by fir the system and draw a series of

concentric spheres aroundsi ixed distance (dr) apart (see Fig.

B

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

found in each shell is ¢ .of the simulation, the average
number of atoms in each divided by the volume of each
shell and the average de he result is the RDF which

mathematically formula

(2.17)

atoms in a shell of width

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.

AULINENINYINS
AR TN TN



CHAPTER I
CALCULATION DETAILS

In this chapter, The modeling and computational details were presented in two
main parts, (/) 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_reaetive vvith{ddsorbates than the armchair type [30] which
suits our model by replacement. of all H atoms with chemical groups. For the
functionalized SWCNTsgthe shydroxyl (—dH) and carboxyl (-COOH) functional groups
were chosen because theyjare simple Q‘I:aups that can be linkage for other larger
molecule entities or partigless In addition,‘}th‘ése functional groups exist in experiment
and they can be used to increase the solut;ili_ty and reactivity of the SWCNTs [31, 32].

- 4

v ol

3.1 Modeled System for Molecular -Dynamicé';S";rJr_‘:wulations

o i
[ ed el

The (28,0) zigéagtype—of—SWGNT—was constructeckusing the Nanotube Modeler
program[33]. The moaeied SWCNT had finite length of 38.'879 A with a diameter of 21.94
A where the C-C bond riéngth was 1.42 A. The two ends E)f SWCNT were terminated by
hydrogen atoms (Fig./ 3.1a). The/tube model"used far carrying the DOX drug consists of
1008 carbon atoms and 56 hydrogen atoms. In case of functionalized SWCNTSs, the side
walls of thé tubes ware'terminatediwith| -OH \and *COOH functionaligroups (Figs. 3.1b-
3.1c) where the site density of functional groups on surface is 1.59/nm” [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 (DOX, -SWCNT, Figs. 3.2a) and outside (DOX

out

-SWCNT, Figs. 3.2b) the
SWCNT.

RaOGALRE TR
. fi = L3 fl‘
aefiefalagel

v A > H)-C=3<L % »>{ | "
el _eolelelePala

4 2SS 292350329 2
PR 68 ! o W
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q
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) SWCNTSs.
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(a) DOX, -SWCNT

“Hoelecule (a) filling inside the pore (DOX, -
Ce (DOX,,-SWCNT) of the (28,0) zigzag

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

parameters for tﬂ"e DOX, the structure optimizationﬂas performed wh the HF/6-31G(d)
calculaﬂnﬁrﬁh&@m @mew C’%u’saia%qSEloaaa[%]] Consequently,
the eIeotR)statio potentials surrouhdihg a drug moleéule 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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Figure 3.3 Side and top views of the DOXimc \ g the pore and (b) wrapping
on the outer surface o c), (d) filling the pore of the

functionalized OH-SWCN ely.

JDOX-SWCNT complexes were

module of AMB@W software package. Each
system was solvated wﬂﬁtﬁb simple point &har water model in the truncated
octagonal boxﬁdutﬂllfgdm ﬂ joﬂegm’jtnoﬁ atoms of 5,017 for the

Xioer 18,420 for the DOX_-SWCNT, 18,018 for the DOX_-OH-SWONT, 17,922 for the

oo aaasmomﬂgmumwmam simuatns

under perlodlc boundary condition were performed with the NPT ensemble using

separately prepared using the LEa

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 A for nonbonded interactions. The Berendsen coupling time [43] of

0.2 ps was used to control both temperature and pressure.



CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 Molecular Dynamics Simulations of the DOX-SWCNT Complexes

4.1.1 Change of the DOX conformation

----- DOX, 4 DOXgESWCNT —— DOX_ -SWCNT

7, oy, ¥ ey @ =

3 4

Probability

480 90 0 90 180 180 -90 . 0 [ 90 (180 -180 80 O 90 180 -180 -S0 O 90 130
. \

. Torsion‘angle(7)/degree

0.0

i ;: '3
ald v ol

Figure 4.1 Distribution of the tors_.;ional angleS"_J(.{L':p:l:4 defined in Fig. 1.6) of the free DOX in
bulk water (dash black), and the DOX bogfnid inside (solid black) and outside (solid
gray) the SWCNT. - :

To examine the' conformation of the DOX in free and complex forms, four
torsional angles, 7,-7,,. 0f“the. DOX (defined. in Fig..1.6) in_the three states were
investigated and compared in Fig. 4«1.

By considering the lilted angles, T, and @ between the“tetracyclic and the
aminoglycosidic groupsiof the DOX(seevFig.!1.6 for definition), the DOX inside the tube
is less flexible than those in the other two forms, DOX,, and DOX_-SWCNT complex,
indicated by a sharp and narrow peak at T, = -125° and T, = -78° (Figs. 4.1a and 4.1b).
The most flexible one is the DOX,, where three and two favorable conformations
represent by T, (-156°, -123° and -77°) and T, (-154° and -70°) were, respectively, found.
For the DOX_,-SWCNT, the DOX conformation is characterized by the two peaks of T, (-

153° and -85°) and two peaks of T, (-159° and -62°). Flexibility of the ~OCH, and —
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COCH,OH side chains of the DOX is monitored by the T, and T,, respectively. As
indicated (Fig. 4.1c) by the two separated peaks (T, = -77° and 79°), the two overlapped
peaks (T,= 11° and 77°) and one broad peak (T, = 38°), the -OCH, group in free form is,
as expected, more flexible than that of the DOX wrapping outside and filling inside the
SWCNT. Interestingly, the -COCH,OH group of the DOX inside the tube clearly shows
two distinct and almost symmetric conformations of T,= 1° and 121°. This is due to the

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

the tetracyclic ring of the DOX in NT binds to the inner surface of the

4.1.2 Translation o

4.1.2.1 DOX inside

(@)

R RUTQL: oo

drug encapsulated inside the SWCNT (DOX -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.
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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 A 6f.the.SWCNT and remains only inside the
SWCNT. Noticeably, the drug never visis at distance of < 4.5 A from the two ends. This
is because the drug moleetlescould not overcome the energy barrier due to the
repulsion with the hydrogen atems at botr"i 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: fo‘undgo ‘move freely from one to the other ends of
the SWCNT (an inset of Fig: 42), in corre’f__’sgojnding with the P(Cg) plot shown in Fig.

4.2a. . 1

In the same manner, a Sihgre sharpﬁ%&‘i’{ at 6.50 A of the averaged probability
plot of the Cg of drug in the diréetion perpéﬁid!iéuular to the SWCNT surface (Fig. 4.2b)
indicates the most prtibable_disianoe_of_dmg_molecule_faé_away from the tube-axis. On
the other word, prefe}éntial coordinate of drug molecule is’::_éll.5 A from the inner surface
of the SWCNT, the diameter of the tube is 21.94 A. In summary, the data from the Cg
distribution plotSistiggested usito conclude=that'thé! driig molécule was found to move

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

one to the otherends ofithesSWENT (Fig. 4i2a).
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4.1.2.2 DOX outside the SWCNT

(a) P{Cg} 20 (b)
0.2

P(Cg)
0 1.0-

Distancel&

of finding the Cg of the

DOX(ME"VCNT) were calculated and

shown in Figs.éfa and 4.3bx The plotﬁr&énting the DOX movement in the direction

perpendicular ?UFMJEJ s’g{am (ELJJ 4.1 @smﬂr’olﬂvcjpeak centered at 15 A

from the origin, i.e., ~ 4.0 A from thefouter surface=ef the tube. Along the tube-axis, the
plot sh&sﬁo}r@ﬁe&@&é& WZ’]\%%%IV%@ %ess to the two
ends. Fo?mation 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.



33

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 SWENJF drug carrier, the atom-atom radial
distribution functions [RDEs, g,(r)—the probability of finding a particle of type j within a
sphere radius r around the particle of type /] are calculated. Here, i represents the
selected carbon atom of drug andj denotes all carben atoms of the SWCNT. The results

for the two complexes; DOX| -SWENT and BOX

out

-SWCNT, were plotted and compared
in Fig. 4.4. Their corresponding drug boq‘nq_structures taken from the MD snapshots
;i r
were also depicted. Herg, the folr carbon atoms, c'andc’-c’ (defined in Fig. 1.6) were

used to represent planarity of th-'e ihree a}ém'atic hydroxyanthraquinonic rings of the
i .'_lf‘-'_!
drug molecule. =4

lll-"

The RDF plots for C’ and _(_34—_06 atomgﬁ»d[gg in the DOX, -SWCNT complex (Fig.

4.4a) show clear peaks with maxima at 3.6, 3.7, 4.0 and 8.8 A respectively. This means

that the distances fron; 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 stch-eonformation taken ffrom the-MDisnapsiots and shown in Figs.
4.4b and 4.4c confirm such conclusion evidently. Such tilled ‘orientation, the four
distances are slightly differentisidue tosthe steric hindrance between.the inner surface
curvature of the SWCNT and the drug side chains.

For the DOX_,-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 C" and C*-C* RDFs which take place at the same distance of ~ 3.9 A.



34

Schematic representation of the DOX_ -SWCNT was shown in Figs. 4.4e and 4.4f. In

out
contrast to that in the DOX-SWCNT, an alignment of the aromatic
hydroxyanthraquinonic ring of the drug molecule in the DOX_,-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 TT-TU stacking interactions between the aromatic rings of

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

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

INOMS-"°X0a 1NOMS-“X0a

Figure 4.4 RDFs from thé four carbon atom&/C’ and C*-C° defined in Fig. 1.6, on the

iree- aromamﬁ]duyﬂ&ﬂﬂ s o Dofioekid o stoms of e swont

for the (a) DOX,, SWCNT and (d) DOX_,-SWCNT gemplexes wherestheir corresponding

g b?ﬂ RARIN IR IVLINA Bhor e oo

SWCNT, Were also depicted.



35

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 (DOX., DOX -SWCNT and DOX_,-

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

-5 M , -SWNT —— DOX_ -SWNT
;4 )

numbers, n(r).

r 10
Swot 1 /9 e /] @os g
4— : . ; N
r’ J *l.‘ ' .
3 R toy i
24 J i o ::‘E ,' g
1. s 478 X
0 LI "I‘l Ll i _ : T
57(e) 05 ! oMo Co
4" |' !?‘_.r;fi ; -1
=3 : AL B D)
A9 K 1 W2 e ' y
> 2 , afaﬂ?;;fj 1 ]
. T, ;
1-' ] _ — - -
0 h = ) _";.‘: Larr et :-{. ;’ 2 7
AL B BN LB LA TN R T i | T 1 T
5(i) 09 «Q / (i) 010 ool {:/ ’
4 - \y : i )l -
3 pr |
1 ] ,u a L ! o L,
0—- . . - L 2 r T - LN LI i | £ T
01 2 3'¥ 560123 1‘5 6 01234560
ARIAINTUITANY
q

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

DOX,.,, DOX,-SWCNT and DOX,_ -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 A
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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 A indicated that almost all atoms were considerably solvated by water
molecules. As expected, among the three systems, the drug in free form, DOX, ., was

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

out
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°A with 2 ¢lear minimum of the [Oﬁ, o’, 0’ 0"
and N] exhibits their firm hydration shell (Figs. 4.5f-4.5h, 4.5k and 4.5l); (ii) a broad peak
at ~3 A of the [07, 03, Qaénd Om] denot]es a movable solvation (Figs. 4.5a, 4.5¢, 4.5d
and 4.5)); (iii) a disappeafing of the peajk at the region ~3 A of the [0°, O° and O]
means that those atoms ganpot/be accegse'd by solvent (Figs. 4.5b, 4.5e and 4.5i).
Interest is paid on the ©° atom of the six’;h}eg_jberred ring oxygen (Fig. 4.5)) in which
without water was detected within the distéﬁégﬁ ~4.5 A in the DOX,-SWCNT, i.e., the
waters totally shielded by the inhier surface (@;é;’SWCNT (see Fig. 1.6 for atomic labels
and Figs. 4.4b and 4.4c for-the s'chemati:cf:-"c.)ﬁentation). The 0" atom was partially
shielded, leading O e=CN-o-one-watemoleatie {Fig=4.5], gray line), for the DOX_,-

SWCNT (schematic ofie'ntation shown in Figs. 4.4e and 4:4f). This is not the case for the

DOX therefore, the O atom in this state was found to solvated by two water

free?
molecules (Fig.s4.5], dashline). Nate thatthe CN 'is the n(n) ‘integrated up to the first
minimum of thé 'RDF, i.e., this number represents the number of water molecules
positioningiinithe; first hydration:shell around the central atom!|

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

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

free (

those of the DOX_ -SWCNT (gray lines) and DOX, -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 DOX,,, >> DOX_,-

SWCNT > DOX,-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 DOX, -SWCNT,, and DOX -SWCNT,,,, were shown and discussed in comparison

to those of the pristine SWCNT.

In comparison to those: /‘ﬂ) SWCNT, changes of the DOX
conformation, position of rﬁaxis and perpendicular to the
surface of the tube as(v ient: 5 -for functionalized SWCNT, and

SWCNT oy Were plotte

4.2.1 Confor ition and Ori inside the Functionalized

SWCNT '
----- DOX_-SWCNT___
0.3
(@) @ 7

2
= 02-
2
©
-g ¢

R Waui‘rﬂmm e
F.gureégmmmmym’mﬂl@ﬂd.n o 16

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 SWCNT_, and (e, f) DOX
drug encapsulated in SWCNT,, projected to the diameter (xy-plane) and the length

(z-axis) of tube.
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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 (DOX -SWCNT) and outside
(DOX,,,~SWCNT) were studied in comparison‘torthe drug in free state (DOX.,). During

out

10 ns simulations, it was found that the collaberative.interaction with the surface of the
J

tube has caused a less flexibility of the aminoglycosidic and -OCH, groups of drug

inside the tube relative lorthose of the other two systems, DOX  -SWCNT and DOX

free”

Additionally, the formatien of¢¥arematic s%acking interaction was detected between the
aromatic hydroxyanthraguinonic ringé of E:ug and the inner surface of SWCNT. This
interaction is slightly stropger in the DOXGEJt “SWENT complex due to lacking the steric
hindrance and the curvature effect on«the drug=,structure According to the local density
distributions of drug projected tof the dfamfeter (xy~plane) and the length (z-axis) of

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

along the parallel to the tube axis at the Cen'tér' oT the tube but the displacement is at the

distance (from the center 6f mass of the drtg) of 4 Afio 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 -COQH 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 4hose| of the pristine

SWCNT.
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