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Understanding of gfmolécular properties  of the encapsulation of the

GEMZAR anticancer dru Si igle-walled carbon nanotube (SWCNT) is the
main goal of this dy molecular geomeiries. of the pristine and
functionalized SWCNTsswe died byt e simiempirical PM3 method. It was

found that modification on'the outer -surfat_‘;éit)ffthe tube by the -COOH and -OH

# o

functional groups leads to t loydré'éd pl:lfgrﬁ ity of the tube surface. Then, MD

T

simulations were applied to inﬁe’;ﬁééte struiiﬁférf and dynamical properties of the
GEMZAR in free and the pristiie SWCNT bound states. As a result, the drug was

found to move freely i’;gm one end to the other of the SW éNT, not along the tube
axis at the center ofl‘ ‘ff;rr.c tube but parallel at the distancc-0f 4.7 A from the inner
surface. Using the structural data, the angle between the'cytosine-based and the
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in both, states ‘was-elatively ‘similar, In addition, drug ' maelecule was'weaker and
less solated in which the SWCNT than that of the free state because of the
collaborative interaction with the inner surface of the tube. Furthermore, overall

drug properties inside the functionalized SWCNTs modified by the -COOH and
—OH groups were considerably similar to what observed for the pristine SWCNT.
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CHAPTER I

INTRODUCTION

1.1. Research Rationale

Since the breakthrough-n-discovery of the-earbon nanotubes (CNTs) in 1991 [1],
they have been considered asethcsideal materials for a variety of applications. One of
those is to be used inuthe nanomedici;:_ler research for the reason that they are
biocompatible in pharmageutical drug deliv;rl)l_systems [2-4]. Nowadays, experimental
and theoretical researches usually target to 1r;rpfove CNT to be an excellent drug carrier
with highly site-selective delivery and sensﬁw;.ty [5-10]. Understanding at the molecular
level of how the single-walled carbon nanotub;—(S(WCNT) carries out a drug as well as
the structural and dynamlcs propertles of the drué SWCNT Complex is a key of success
in designing and developmg the newly effective drug transporter for the drug delivery

system. This becomes the rationale goal of this study.

1.2. Carbon Nanotubes
Carboen nanotubes are the nanoscale materials which its structures were extended
in length of the fullerene (Fig. 1.1). It is often stated that the structure of the CNT is the

graphene sheet which rolled up into the cylinder as in Fig. 1.2



Figure 1.1 The structure of the bu llerene.

———— :
The CNTs are categonzed"gﬁ@}‘ng C-W.

e =~

two wrapping directions, E and a,

t '.‘ 0 "‘::?
4\ 'i" l l

f vr/

AP,J

Figure 1.3 The single-walled and multi-walled carbon nanotubes, SWCNT and

MWCNT.



(r.0) zigzag

(0,10) nanotube {34 N

[zig-zag)

(7,10) nanotube ¥ {10,10) nanotube

[chiral) B al {armchair)

Figure 1.4 Three types of SWCNTSs classified by the “chiral Vector’.

According to the ehiral equation ot CNTs, C’h = nd;+ma, , three types of CNTs
namely zigzag, ammchair and chiral. CNTs “can 'be formed.| The one-direction-rolled
graphene sheet is called ‘zigzag” CNTs,The armchair-liked cross section CNTs is named

‘armchair’*CNTSs which the direction of relling is| ag=a,. The other type of rolling up

leads to the ‘chiral’ CNTs.

1.3.  Functionalized Carbon Nanotubes
With the hydrophobic surface, the non-functionalized CNTs (or pristine CNTs)

are difficult to be solvated by the hydrophilic solvents, causing the toxicity of the CNTs.



Many researchers have been focused on trying to modify their surface to reduce these
disadvantage properties. The CNTs that are attached the molecules or the functional
groups at their surface or even at both ends, are called functionalized CNTs. This

modification causes reduce the toxicity of CNTs.

1.4.  Applications of Carbon Nanotubes

Since CNTs are unique materials, mot only small size but also the incredibly
physical properties, the CN'Ts have attracted many scientists worldwide. They are applied
as the nano-electronic, namo-gear, nano-cc‘)_mposite, nano-sensor devices etc. and the
pharmaceutical drug delivery systems as me;n.tlioned above. The latter is the most useful

application of CNTs.

1.5. Carbon Nanotubes as Drug detivery :

The Centers for Disease-€ontrol-and-Prevention (CDC) reported cancer as the
second leading cause in the number of deaths worldwide. Among the various types of
cancer, the ovarian_ cancer 1s“the fifth most éemmon cancer in people and extremely
causes of deaths” in women more than other types of cancer found in the female
reproductive malignantcells: Gemgitabifie 1§ @n™antizcancei drug Used in combination
with carboplatin to treat the ovarian cancer. It could prevent the further growth of cancer
cells and cause of the cell death by interrupting the production of the genetic materials
including DNA and RNA. The main problem from any cancer treatment and therapy is
the serious side effects to the normal cells. The bone marrow toxicity can be affected in

the patients who are allergic to gemcitabine. To avoid such effects, the development of



drug delivery system is required to transport the drug molecules efficiently and
specifically to the targeted tumor cells, without harming the surrounding tissue.

1.5.1. Ovarian Cancer

Ovarian cancer is a type of cancers, growing from different parts of the ovary in

which more than 90 % is the epithelial ty

he ovaries breed eggs for reproduction and
female hormones causing the unc

@cells in women. The exact origin of

om.ioftm;)ear in the later stages. These

tumors are hardly detected dugi al exam, as a result, about 70 % of patients are

this cancer is unknown an

found with advanced dise ' 1€ non-specific symptoms cancer, the diagnosis

of ovarian cancer often s i al.examinat and must be confirmed with

Wrdor Y
patients may need the radiother W‘i th' p "f' pation. gemcitabine (or trade name as

==
P

GEMZAR"™) and the carboplatin drugs

©Mayo Foundation for Medical Education and Research. All rights reserved.

Figure 1.5 The typical ovary and the cancer ovary.



1.5.2. GEMZAR® (gemcitabine HCI)

GEMZAR" (gemcitabine HCI for injection) is the one of the anti-cancer drugs
used to help the ovarian cancer patients. It is cytidine-like drug in which the hydrogen
atoms on the 2' carbon of deoxycytidine are replaced by fluorine atoms. The drug
function is building block of cytidine, a nucleic acid, during DNA replication. As a result,
the faulty nucleosides are found, resulting the apeptesis. In addition, the enzyme namely
ribonucleotide reductase (RNR) is also .the target of gemcitabine. The diphosphate
analogue inhibits the RNR by«binding at| the active site and inactivating the enzyme
irreversibly. Resultingly, the cell apoptosis js induced, because the deoxyribonucleotide

required for DNA replication and répair cannot be produced.

Figure 1.6 The 2D structure of GEMZAR" drug.

The drug can be/used as a single agent (given alone) with the first-line treatment
for the pancreatic cancer patients, or in combiiiation with other therapies. The
combination; with cisplatin "is used for first-lin¢ treatment of patictits with locally
advanced or metastatic non-small cell lung cancer for whom surgery is not possible, or
with paclitaxel for the first-line treatment of patients with metastatic breast cancer after
they have received another type of chemotherapy. After the patients had finished the

platinum-based therapy (gemcitabine and carboplatin), they recovered at least 6 months.



By cancer treatments and therapies, there may cause many side effect of the drug.
The common side effects are low blood cell counts, hair loss, tiredness, nausea, vomiting,
and constipation. The GEMZAR®™ may suppress bone marrow function for allergic patient

or even the women who think or plan to become pregnant.

Gemcitabine is an anti-cancer drug used in combination with carboplatin to treat
the ovarian cancer. It could prevent the further growth of cancer cells and cause of the
cell death by interrupting the production of the genetic materials including DNA and
RNA. The main problem fiom any caucer treatment and therapy is the serious side effects
to the normal cells. The“bongimarrow toxic_ity can be affected in the patients who are
allergic to gemcitabine. To aveid such effects_,: the development of drug delivery system is

required to transport the drug molecules efﬁcféptly and specifically to the targeted tumor

#

cells, without harming the surrounding fissue. :
1.6. Literature Review on Drug Delivery System

Many experimentdl studies have demonstrated that CNTs show the carrier
properties by serving as a transporter of bio-molecules to the target site including drugs
[11-15], vaccines [16417], small | peptides ¢[18-19],  proteinst [20-23] and nucleic
acids [24-26].. Basically, .these .molecules, attach, on" gither ,inner..or.outer tube wall
surfaces, so=called filling or wrapping modes of binding. The functionalization of
SWCNTs was found to reduce the toxic nature of the non-functionalized pristine SWCNT
in vitro and in vivo applications [27-29].

1.6.1. Quantum Chemical Calculation

The functionalized SWCNTs have been studied using the quantum chemical

(QM) calculations to describe the properties. The diameter dependent possible positions



of functional groups on SWCNT have been reported by Kuzmany et al. [30] in 2004. In
the same year, Zhao et al. [31] has published the electronic states near the Fermi level
which told us that functional group can induces an impurity state. The functional groups
are attached at the surface of the tube for improving the SWCNT more biocompatibility
[32].

1.6.2. Molecular Dynamics Simulation

The molecular dynamics (IMD) simulation has been used to study the structural
and dynamics properties of SWENTs. The series of water profile inside the SWCNTs
were reported in many years ago [33-40]. Based on their studies, different force fields and

water models bring different set of data.

The functionalized ingide' CNTs has been proposed by Zheng et al. [41], they
found that the transport of liquid mixture throu;i;ip;ner hydrophilic part is slower than the
outside. The effect of functional gretps on the S:—t'r'u‘btural water molecules had resulted to
the cooperation effects of the CNTs” helicity and diameter and controlling the flow
direction of water molecules in CNTs [42-43]. Recently, Zhu et al. [44] have found that

the number of the funetionalized -COOH groups on the inner.surface of the CNT affected

to the density distribition of water molecules.

From the MD simulation of DNA-CNT compléx, the encapsulation was suggested
for further applications [46]. The molecular dynamics (MD) simulation of Vitamin A and
B-Carotene encapsulated in CNTs have been studied [47]. Under different conditions of
nanotube wall number, chirality, radius and temperature both of them were found to be
the promising biomaterials for decoration of CNTs which are in good agreement with the

experiments data [23,46].



1.7.  The Objective of Study

The present study has focused upon trying to reveal the drug binding inside the
three different SWCNTs: a pristine and two functionalized tubes with the carboxylic acid

and hydroxyl groups on the outer surface of the tube. Molecular geometries of the

SWCNTs were optimized using quantu

\w\ ical calculations. The free and SWCNT
ndiv &Ap and performed by molecular

—J_,

bound states of gemcitabine

dynamics simulations. The drug interactions and the ligand structural, dynamics and
solvation properties were.ana nd e \ *ﬁi. ussed. This technique has been
successfully used to inv eractions between CNTs and the

other biological molecu and B-Carotene [47], and

amylose [48].

AULINENTNEINS
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CHAPTER I

THEORY BACKGROUND

In this chapter, the basic knowledge of calculation method used in this work is
provided. The details of two main methods nuitilized based on mathematic description
including quantum chemistry.method and moleetilar dynamic simulations are briefly

given.

2.1  Quantum ChemistryCalculations 2

2.1.1 Quantum meghanics

Quantum mechanics (QM) [49]-is thq;.;_ g(j)rrect mathematical description of the
behavior of electrons and thus of chemistry. Il-;t-}iléory, QM can predict any property of
an individual atom or mnielecule éxactly. In practl—ce, the OM equations have only been
solved exactly for one eléctron systems. A numerous collection of methods has been
developed for approximating the solution for multiple electron systems. These
approximations can be very useful, but this/requires an amount of sophistication on the
part of the researcher to know when each approximation is valid and,how accurate the

results are likely'to be.

The basic equation that used in QM is the Schrédinger equation which shown in

equation [2.1]

HY = EY¥ [2.1]
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where H is the Hamiltonian operator, ¥ the wave function, and E the energy. In the
language of mathematics, an equation of this form is called and eigen equation. ¥ is then
called the eigenfunction and £ is an eigenvalue. The operator and eigenfunction can be a

matrix and vector, respectively, but this is not always the case.

The wave function ¥ is a function of the electron and nuclear positions. As the
name implies, this is the description of an cléctfonras a wave. This is a probabilistic
description of electron behavioiAS such,i it can describe the probability of electrons
being in certain locations;but w€annot predict exactly where electrons are located. The
wave function is also called probability amplitude because it is the square of the wave
function that yields probabilitiess This is thxfé only carefully correct meaning of a wave
function. In order to obtain a physically releQant solution of the Schrodinger equation,
the wave function must be confinuous, singléigféhjl__ed, normalized, and anti-symmetrical

with respect to the interchange of electrons.
2.1.2 Abinitioimethods

The term ab initio.is Latin for “from the beginning”. This name is given to
computations that are derived directly” from theoretical principles with no inclusion of
experimental data. This is an appréximate quantum mechanical.calculation. The
approximations made ‘are usually“mathematical approximations, such' as-using a simpler
functional form for a function or finding an approximate solution to a differential

equation.

All molecular wave functions are approximate; some are just more approximate

than others. We can solve the Schrodinger equation exactly for the hydrogen atom.
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2.1.3 Semi-empirical Calculation

Semi-empirical methods increase the speed of computation by using
approximations of ab initio techniques (e.g., by limiting choices of molecular orbital or
considering only valence electrons) which have been fitted to experimental data (for
instance, structures and formation energies of organic molecules). Until recently, the size
of many energetic molecules placed them bevond the scope of ab initio calculations.
However, semi-empirical methods-have been calibrated to typical organic or biological
systems and tend to be ina€Cutate for problems involving hydrogen-bonding, chemical
transitions or nitrated compounds: Some of-_the more common semi-empirical methods
can be grouped according tostheir treatmen_t: of electron-electron interactions, such as,

AM]1 and PM3 method.

#

The PM3 Hamiltonian ¢ontaris essential-ly"ahe same elements as that for AM1, but
the parameters for the PM3 model were deri'\;é&;iusing an automated parameterization
procedure. By contrast, ‘many of the parameters in AMI “were obtained by applying
chemical knowledge and. finstinct’. As a consequence, some of the parameters have
significantly differentvalues innAMi and-PM3, eyen though-both-methods use the same
functional form and they both predict various thermodynamic and structural properties to
approximately the same level of accuracy. Some problems do remam with PM3. One of
the most important of these is the rotational barrier of the amide bond, which is much too
low and in some cases almost non-existent. This problem can be corrected through the
use of an empirical torsional potential. There has been considerable debate over the

relative merits of the AM1 and PM3 approaches to parameterization.
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2.2 Intramolecular and Intermolecular potential functions

The investigation of the relationships between structures, function and dynamics
at the atomic level can be expressed by giving the potential energy function, which can
provide from the summation of the intramolecular and the intermolecular potential
functions. In generally, the potential energy function is

V(R) = I/bonded (R) W V:ton—b(mded (R) [22]

2.2.1 Intramolecularpotential functions

The intramolecular potential functions are the potential energy functions that used
1
to describe the bonded bghavior of atoms in the molecules by looking at the bonds as

springs, expressed as thegbonds stretching, the bond angles, and the dihedral (torsion)
;l L
angles (Fig. 2.1). The equation of intramolecu_}ar is_ shown 1n equation [2.3]

I/bona'ed (R) = Ebond—strctch AL Eangle '%end« + Etorsian—angle [23]
F, 4

il

2.2.1.1 Bonds stretchlng 72

ond= stretch )

Figure 2.1 The bond interaction between two ‘atoms.
The harmonic interaction between two atoms which bonded directly (Fig. 2.1) to

each other 1 used to describe the stretching.of bond asin the equations [2.4]
Ebond—stretch = z kb (}/;j - rO )2 [24]
i=1

where 7, is the length of bond between atoms i and j (A),
7 is the equilibrium length of bond (A),

k, is the constant of bond stretching (kcal-mol™(A)?).
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2.2.1.2 Bond angles (E,,;._y...)

Figure 2.2 The angle between

The harmonic interaet \\-\ be described as the function
of angular displacement. _ i Ctio \

where 6,

[2.5]

is the angle b two,cor u-f d bo ]i‘ (degree),
00

ko

Figure 2.3 The torsion angle represented as ¢ .
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The dihedral angles or torsion angles are the twisted angle between two planes of
three connected atom which has two atoms that same to the other. The interaction of the

dihedral angles is treated as a cosine series and modeled by a simply periodic function as

Etorsion—ang/e = z k¢ [1 - Cos(n¢i/kn )] [26]

1,4 pair
where ¢, is the torsional angle (degree),

n is the periodicity,
-

is the constant'of tossional barrier (keal-mol™).

2.2.2 Intermolecular potential functions

g

The non-bonded potential functions were explained in term of intermolecular
potential functions. In generally,in/can be cofi:cributed by two functions which are van der
Waals interaction energy and elgctrostatio int_ejac-tion energy. The equation that used to

describe this potential functions is “= 254

te)

Vnon—bonde:d (R) = Evdw i E

electrostatic

[2.7]

where E , 1is the van der, Waals interaction energy, and_F

electrostatic

is the interaction

distribution of the electron.
The van der Waals interaction between.-two ‘atoms arises from a balance between

repulsive and attractive forces. The equation of this ifiteraction is writtén as the Lennard-

o_lj 12 o_lj 6
ELJ :gij r— - r— [28]
ij ij

where ¢, is the well depth of energy (kcal),

Jones potential [78]

o, is the diameter (A),
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r. is the distance between two atoms (A).

The term of »" is represented as the repulsive part while the attractive part is given by

the term of 7. The ¢; and o, can be calculated from the combinatorial equation [79]

& =& [2.9]
o,+0;
o= 5 [2.10]

The electrostatics interaction is described in the function of atomic charges, which

equation is expressed as the' Coulomb potential;

r %4

eleetrostafic " J

[2.11]

non—bonded 7;] 4
pair s

where ¢,,q; is the charges of atomi;

and r, is the distance between two atoms.

2.3  Molecular Dynamics Simulations

2.3.1 Background

Molecular | dynamics' (MD) simulationgis the ‘method that used to describe the
time-dependent _behavior of the system by solving“Newton’s equations of motion and
allowing the, structural fluctuations. It is widely used to calculate the properties of the
systems as the kinetic and thermodynamic information by concerning the motions of
individual particles as a function of times. Molecular dynamics simulations are the one of
an effective means used for exploring conformational space, especially for molecules

containing hundreds of rotatable bonds.
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2.3.2 Newton’s Law

Since molecular dynamics simulations are the approaches which aim to reproduce
the time-dependent motional behavior of a molecule, the Newton’s second law is solved
and the interaction of the atoms in the molecule is assumed by employing the force field.

To treat this technique, the motional equation is given by

7

. m— [2.12]
where F,  isthe forc/
m, is the mass
v, is the velocity
_ . W s
a is the acceleration of the a
The force, F,, can also “{—————T'T-‘__": ef ial energy.
)
ﬂ F,=+NJV,(R) Y [2.13]
B U
" Rl N8y
The combini%g of equations [2.12] and [2.13] is
av d’r
T —m 2.14
drdr (2141

Therefore the potential energy of changing in the atom position can be related to the

Newton’s equation of motion as a function of time.
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According to equation [2.12], the acceleration is

a = % [2.15]
The integration is used to calculate the velocity,
[2.16]
and
[2.17]
[2.18]
thus,
[2.19]
Based on the V : - E"J positions and velocities

J
) "B
lated at time ¢ and the atoms will be moved to these new

positions. As a rﬁlu gsﬁ Wﬁ\ﬁt’w Mﬂ.?he cycle will then be

repeated for a pred&'ined number of time steps. The gllection of ene@etically accessible

confomﬁ}l,sﬁacalﬁtﬁl bdebreid dledlandb . o in  motecutar

dynamics simulation of an equilibrium system are as follows:

on the atoms can be calg
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Choose initial positions for the atoms. For a molecule this is whatever
geometry is available, not necessarily an optimized geometry.

Choose an initial set of atom velocities. These are usually chosen to obey a
Boltzmann distribution for some temperature, then normalized so that the net
momentum for the entire system is zero.

Compute the momentum of each atom.from its velocity and mass.

Compute the forces on cach atom from the energy expression. This is usually
a molecular mechanics® force | field designed to be used in dynamical
simulations. I

Compute new positions for the atg(;rlns a short time later, called the time step.
This is a numegical integration c;t_lllewton’s equations of motion using the
information obtained in tﬁe In)reviouiis;s:;;ps.

Compute new velocities‘and accelerz{_ﬁiéﬁs for the atoms.

Repeat steps 3 throtigh 6. “a

Repeat this itefation long enough for the system te reach equilibrium. In this
case, equilibrium is not the lowest energy configuration; it is a configuration
that is teasonable for the system with the given amountof energy.

Once the system has reachedrequilibrium, begin saving the atomic coordinates
every, fewiterations. ¢ This¢ information is typically saved every 5 to 25
iterations. This list of coordinates over time is called a trajectory.

Continue iterating and saving data until enough data have been collected to

give results with the desired accuracy.
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11. Analyze the trajectories to obtain information about the system. This might be
determined by computing radial distribution functions, diffusion coefficients,
vibrational motions, or any other property computable from this information.

The application of Newton’s equations of motion is uniform in all different

available molecular dynamics approaches, but they differ in the employed integration

algorithms.

In the application of molecular dynamies to search conformational space it is a
common strategy to select.eonformations at regular time mtervals and minimize them to
!

the associated local minimums This procedure has been used in several conformational

analysis studies on small mole¢ulgs, including ring systems.
}

Unlike quantum mechanigal élpproachés',""tﬁ-e electrons and nuclei of the atoms are
)

not explicitly included in the ‘Calcéulations. Melecular mechanics considers the atomic

composition of a molecule to be a collcction of masses interacting with each other via
harmonic forces. As a régﬂt of this simplification molecular méchanics is a relatively fast
computational method practicable for small molecules as well as for larger molecules and

even oligomolecular systems.
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2.3.3 Periodic Boundary

\ \
A (o]
0
N =
&, dsleo
o 0
. O Q0
O o
o) 0.0
= A=)
& ‘ -, u,;’ <

Figure 2.4 The periodic betindary condition.
‘ Y
In order to model“a mactoscopic system in term of a finite simulation, the
duplication of the system periodically: in all di;:éct!ions is employed. In Fig. 2.4, the cubic
s i

lattice is used for replication of the central cubj_?;ljg‘dix. The atoms in the periodic boundary

s

box are simply image of ',t‘l_le atoms in the simulated box. thh a particle moves out of the

simulation box, an imagé‘"barticle moves into the simulation box to represent that particle.
The calculation of interaaions within the cutoff range includes both real and image
neighbors.

2.3.4 Cut off function

The computational ‘time for caictlate’ the foree 'field-energy’ is=in order n’. To
reduce the simulation time can be achieved by truncating the van der Waals potential at
some distance. To avoid the calculation of distances between all pair of atoms, the
contribution is neglected when the distance is larger than a cut-off distance. Under the
cut-off situation the van der Waals energy is set to zero but not employed in the Coulomb

interaction.
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2.3.5 Velocity Integrator Model

In order to integrate the equations of motion, the numerical algorithms have been
employed to approximate as a Taylor series expansion. It is used to approximate the
positions, velocities and accelerations. In this work, the Verlet algorithm was applied

which is designed to allow velocities to be calculated at each step.

The basic idea of Verlet a \\: |
backward third-order Taylor expansions

—

7(t+At) [2.20]
F(t—Af) At i \ [2.21]
When combine the equations /2. $ % 2 he basic form of Verlet algorithm is
12
shown in equation [2.22] PG
(R |
F(t+At) = 27 (1) —F(L = Al)+ [2.22]

= 9

y G
AU INENTNEINS
AN TUNN NN Y



CHAPTER Il

CALCULATIONS DETAILS

3.1  Preparation of Carbon Nanotube Structure
The zigzag (18,0) single wall car\p*! ’7 be (SWCNT) with a diameter of 14 A
is used as the gemcitabine d@ler The a@‘éﬂd 34 A SWCNT structures were

4 -
generated from the Nanotube"Madels r package [50] with chiral vectors m = 18, n = 0

(Fig. 3.1a). The 36 hydrogen a eH at both ends of the SWCNT to complete

Wl W b
its structure. The two functi ﬁs"' €0 H-‘and —OH, were added on the outer

d ]
surface of the tube with the

the surface was modified by

JLJ. --L'

mﬁ—.?zl fu@ gr

surface of the SWCNT (Flgs 3. 2b-*afr&'3 2N - _
A i, ! s

density of 1.59/nm? [42]. In to ps were modified at the exterior

Figure 3.1 The input structures of (a) (18,0) single-walled carbon nanotube (CNT), the
SWCNTs which are modified at the surface with (b) -COOH and (c) —OH groups in

quantum chemical calculations.
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T TR

e L i -
Figure 3.2 The starting structures of gemci{abigg‘ ﬁr

e different SWCNTs: (a)

d (c) —OH groups, where

atomic labels and torsion angle () were also defined.

ANINENTNYINS
2 eaAGRRTIHN 1 1E78

To construct the gemcitabine-SWCNT complexes, the anti-cancer drug extracted
from the crystal structure of the human deoxycytidine kinase with gemcitabine bound
(Protein Data Bank (PDB), code 2NOO) were added by hydrogen atoms to compete the

hybridization of the covalent bonds.
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3.3 Quantum Chemical Calculations

To find the optimal structures of the SWCNT and its derivatives, the quantum
chemical calculations at simi-empirical PM3 method was applied using Gaussian 03
program [51]. The calculated structures were monitored in terms of the bond length, bond

angle and the torsion angle of the focused atoms involving the anchored atoms.

3.4 Molecular dynamiessimulations

To construct the moleetlag geometry of the gemcitabine-SWCNT complexes, the
drug was placed in the middle of the pore.;(‘)'ﬂf a pristine and two functionalized CNTs
(Fig. 3.2). Hydrogen atoms werg added to thé .dal;ug molecule and tube at both ends using
the LEaP module in the AMBER 9 software pa-('::ké'ge [52].

The parameters of SWENT wete taken—l'--f;or_'_n AMBER99 force field [53] in atom
type CA, which were designed fot-aromatic carbon atoms while the atomic charges and
parameters of gemcitabing were obtained as follows. Firstly, the optimization on the drug
structure was performed using Gaussian03 program at Hartree-Fock (HF) level of theory
using the 6-31G* basis, setsEleetrostatic potentials, (ESP) surrounding the compound were
then computed at ‘the same basis set and level of theory. The RESP charge-fitting
procedure was appliedyand the partial charges of equivalent atomsywete fitted into the
identical value using the RESP module of AMBER 9. Parameters of gemcitabine were
created by considering parameters of cytosine and ribose where the parameters involving

the fluorine atom were obtained from the Generalized AMBER Force Field (GAFF) [53].

The atomic charges of carboxylic and hydroxyl groups were obtained from the RESP
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charges of the aspartic acid and threonine residues, respectively. These partial charges are

summarized in Table 3.1.

Table 3.1 The partial charges for the -COOH and —OH groups modified on the outer

surface of carbon nanotube.

Site qi
Carbon Nanotube
= 0.0
—COOH
0y 0.08
iy & 0.68
i 30 -0.59
.0 -0.67
“H 0.50
~OH
c* 0.22
O -0.72
H 0.50

*Anchored carboti on the nanotube

The drug in free state and the drug-SWCNT complex were solvated with a SPC/E
[54] octagonal box over 12 A from the system surface. Any water molecules of which the
oxygen atoms were sterically overlapped with the heavy atoms of the drug and the
SWCNT molecules were removed. Here, the systems of free drug and its complex in the

pristine, -COOH and —OH functionalised SWCNT contain 3296, 14627, 13655 and
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14192 atoms in total, respectively. The simulations were performed using the SANDER
module of AMBER 9 program package with NPT ensemble at 1 atm and the time step of
2 fs. The SHAKE algorithm [55] was applied to all bonds involving the hydrogen atoms
to constraint their motions. The periodic boundary conditions were applied and the cutoff

function was set at 12 A for nonbonded i

eractions and particle mesh Ewald method

[56-57]. The whole system was heated | o 300 K for 25 ps and equilibrated at

ag&med for 10 ns in which the

structural coordinates were sa fo1

AU INENTNEINS
RINNTNUNINYAY



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Optimized Structures of SWCNTs Based on Quantum Chemical Calculations

The bond lengths, bond-angles and improper torsion angle are measured from the
optimized PM3 structures of'the threcdifferent systems, a pristine and two functionalized
SWCNTs. The B1-B3 bond lengthis from the anchored earbon atom, C“ to its connected
carbon atoms, c! , CZ, and CJ Jasavell as theif_jhvolving angles are defined in Fig. 4.1 also
summarized in Table 2. It can be seen that all ‘bonds ‘are lengthened by 0.1 A from the
pristine CNT (1.4 A) to the/functionalized CI}IT systems (1.5 A). The two functional
modifications also affect to all bond 3%;ngles, é;:A?’, by a reduction of 8-10 degree in
respect to those of the pristine CNF. This cons;eiji-léhtly leads to a loss of the planarity of
the tube surface indicatécf by an increase of the improper torSiqh angle, C*-C’-C?-C’, from
5.8 degree in the pristiné system to 32 degree in the functionalized systems. The

calculated results were, then, eompared;to these robtained-from the molecular dynamics

simulations.
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s calculated by the PM3

..-.;;'__::r:_:‘:: A k.
Table 4.1 The structurlzﬂ propertiés of three d
Bondleagth (A) | Bend angle (degree)

At Ye R

Torsion (degree)
c-ct-c*-c?

owonr 5 | B0 Y e 50 ) 0

1.508 1.515 1.516] 112.1 112.1

SWCNT-OH 1.515 1.523 1.519] 111.8 110.1 112.0

s

RE] 5.8

32.8

32.6
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4.2 Molecular Dynamics Simulations

The molecular dynamics simulations are performed to calculate the structural
properties and the dynamical properties of the drug filling inside three types of the 34 A

SWCNT: a pristine and two functionalized SWCNTs by adding -COOH and —OH groups

on the outer surface. , ,//
In terms of molecula‘& the ﬁlaﬁon lead to the average bond
"J T —

—

lengths of the pristine SW
and 1.510 A with the corr 7 s of 119.5°, 110.4° and 110.2°. These

agree well with those found am _ tions shown in Table 4.1.

Figure 4.2 The structure of the (18,0) single-walled carbon nanotube (SWCNT)
complexed with the gemcitabine drug where atomic labels and torsion angle () were also
defined. The origin of the Cartesian coordinate for the complex was centered at the center

of gravity (Cg) of the SWCNT.
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4.2.1.1. Existing of the Drug-SWCNT complex

To examine the feasibility of the use of the SWCNT as nano-container in drug
delivery application, the existing of the drug-SWCNT complex was monitored in terms of
the center of gravity (Cg) of drug molecule distributed inside the tube. Along the
SWCNT’s axis (z-axis defined in Fig. 4:2), displacement Cg of drug, d(Cg), as a function
of simulation time was shown in horizontal ‘plot“in.Fig. 4.3a, while the probability of
finding the Cg of drug molecule, 2(Cg), was illustrated in vertical plot in the same figure.
To monitor the movement.of drug in the direction perpendicular to the SWCNT surface,
the averaged projection of the P(Cg) to.the t_ube x- and y-axis (defined in Fig. 4.2) were
also calculated and givenin Fig. 4.3b. L

In Fig. 4.3a, the d(Cg) in the horizontdl plot shows that at the initial step (¢ = 0),
drug molecule was located at the centetr of th'e":SfWCNT (Cg = 0). Regular movement of
the drug molecule from one end (d(Cg) = —1257A)t0 the other (d(Cg) = +12.5 A) of the
34 A SWCNT can be gicarly seen. In addition, the drug has.never visited to the inner
surface at the distance of <4.5 A from the two ends of the tiibe, i.e., drug molecule is able
to move freely and remain @nly inside its container. This is surely due to the repulsion
with the hydrogen atomis [at bath ends. The observed.event wasiwell supported by the
P(Cg) plot.(the wertical plot in Fig. 4.3a).in which the probability was found to increase
exponentially as a function of the distance from the two ends of the SWCNT. Note that
the symmetric distribution of the P(Cg) plot is expected if the sampling size is large
enough, the long enough simulation time.

In the same manner, the probability of finding Cg of drug molecule in the direction
perpendicular to the tube surface (x- and y-axis) showed only one distinct peak at 2.3 A

from the origin of the coordinate system indicating that drug molecule does not prefer to
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move at the center along the tube z-axis but the favorite motion is ~ 4.7 A away from the
inner surface instead. It is therefore the aromatic stacking interaction between drug and
the SWCNT surface was formed (discussed in the next section). Taking into account all
the above mobility data, the drug molecule was found to coordinate inside the SWCNT,
an existing of the drug-SWCNT complex uring the whole simulation time of 10 ns.

Therefore, the SWCNT termmate@ toms is supposed to be used as drug

container in the drug dehverm - /
f .

.
Figure 4.3 (a) Displacemént of center of gravi le, d(Cg), as a function of

[ il
simulation time (horizong plot) and probability of finding the Cg of drug molecule

(vertical plot), P:ﬁ)iﬂrﬁc% wﬁﬂﬁw Eixﬁ] ﬂﬁ(Cg) in the directions

perpendicular to thgéWCNT surface (x;and V- ax1s)

ARIANN I 1RNINYA Y
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4.2.1.2. Conformation of drug in free and complex forms

0.2, Free
- — - Complex
>
=
€ 0.1
0
o]
S
o
0 90 180 270 . 360

7ldegree

Figure 4.4 Distribution of ghe CAN/-C7-0° forsion angle, 7 (see Fig. 4.2 for its definition

and atomic labels), of the gémcitabing in free__{solid line) and complex (dash line) forms.

To examine the conformation as well as flexibility of drug molecule in free state
and inside the SWCNT, the relative orientati(-)'fiiqul‘_ _the ribose ring (five-membered ring)
and cytosine ring (six-membered ring) deﬁned_..——_qg_‘-_._the C’-N'-C’-0? torsion angle (7) in
Fig. 4.2, was calculated and compared.in Fig. 4.4. Nosignificant difference was found in
terms of drug conformation in these two states in which the most probable torsion angle
of the free and complex formsswas observed at:i210° and 215°, respectively. Note that the
distribution plot showed a-broad peak-covering the 'range of 80°,“precisely from 170° to
250° for thesfreesform and from 180%te 2609 forithe complexs This,conferred that the drug
molecule is ‘rather flexible and insensitive to the environment, in aqueous solution and

inside the SWCNT. Therefore, utilizing CNT as the gemcitabine carrier does not affect

the conformation of drug itself.
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Figure 4.5 (a) RDFs centered atthe afoms in the cytosine (six-membered) ring of the
gemcitabine drug (C*-C’, N and N) "Eg cézﬁon atoms of the SWCNT; (b) Schematic
representation of the drug-SWCN'L ccﬁnplex %V}Jl;ere veetor a lies parallel to the SWCNT

surface and vector b points ffom Cto N' atqnis;-(c) Estimated angle between vectors a
add v,

i

and b (see text for details of the related dis‘[21ncrj-'3i';g)?,.-J 4

1y =
o el

To understand m@re details of molecular alignment of drug molecule inside the
SWCNT, the atom—atOIIn‘ tadial distribution functions (RDFS), expressed as gj(r) —the
probability of finding a pa;ticle of type j in a sphere of radil;s, r, around a particle of type
i— were calculated. Interest is focused 'to the ‘cytosine’ (six-iembered) ring whose
n-aromatic-system-was-expeetedsdto preferably, depesitedrand:direetly“interact to the inner
surface of the SWCNT. Therefore, in this study i denotes the backbone atoms of the
cytosine ring (C*-C”, N’ and N?) and ; represents the carbon atoms of the SWCNT. The
calculated RDFs were summarized in Fig. 4.5a. Schematic representation of the drug-
SWCNT complex where vector a lies parallel to the SWCNT surface and vector b

points from C° to N’ atoms was in Fig. 4.5b.
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In Fig. 4.5a, the six RDF plots can be classified into 3 sets; {C’, C%, N?}, {C?, C"}
and {N’} in which their g(r)s were detected for the first time (g(r) # 0) at 3.0 A, 3.4 A
and 3.8 A with the maxima at ~ 4.0 A, ~4.5 A and 4.9 A, respectively. Using the most
probable distances from the C’ (~ 4.0 A maximum of the C’-C RDF) and N° (~ 4.9 A
maximum of the N°-C RDF) atoms to the, SWCNT surface, and the N°-C’ distance
(2.8 A), the angle between the vectors a and* b+ can be estimated (Fig. 4.5¢). The
obtained value of 19° indicates the tilted angle representing the configuration of n-w
stacking interaction between. the cytosine ring of the gemcitabine and the inner surface of
the SWCNT. This interaction i§ stpposed ‘_to___be the main reason why the preferential

mobility of drug moleculg@long the molecular z-axis of the SWCNT takes place at ~ 4.7

A far from the surface of the SWCNT (Fig. 4.“3'b). :

#

4.2.1.3. Solvation of the-drug in ft;ee:'énd complex forms

The solvation of ligand-was—monitoied-by-—the-atom-atom radial distribution
functions. Here, the RDFs to oxygen atom of water around the heteroatom in drug
molecule were evaluated ahd=plotted in Fig4.6 for the drug molecule in free and
complex forms. The" corresponding “running integration 'numbers, n(r), were also
calculated/andishown .~Fheofirst shell ecoordinationnumber; GV, around the atoms of drug
(defined in “Fig. 4.2) in both systems obtained from the integration up to the first
minimum of the RDF were summarized in Table 4.2.

The plots for both systems showed almost sharp first peaks indicating strong
solvation, high water accessibility, to the central atoms of the drug molecule. Remarkably
changes were found on the RDFs of the fluorine atoms, especially F2. In the complex

form, the first shell RDF of F’ atom displayed the lower intensity while that of F? atom
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was almost disappear i.e., water molecules cannot feasibly access to those two atoms.
This is due to the fact that these atoms in the complex form were turned to approach to
the SWCNT surface (see Fig. 4.5b). Moreover, a considerable difference was also
observed on the height of the g(7) in the region between the first and the second peaks of
almost all RDFs which denotes a feasibility of water exchange between the two shells.
These values for the drug in free (Figs. 4.6a, 4.éb‘gnd 4.6¢) were noticeably higher than
those in the complex forms. This implies that watct molecules in the first hydration shell
bind stronger to the drug atoms"inthe complex form than those in the free form. The
reason for this finding cayAecause of l-he collaborative effect due to the aromatic
stacking interactions Witl]/h/e,,-"'ir}ner surfac—:e.of the SWCNT (see also Fig. 4.5b) as

discussed above.

(4)u

Figure 4.6 Radial distribution functions, g(r), centered on the inhibitor atoms (see
Fig. 4.2 for definitions) to oxygen atoms of modeled water of the free and complex

systems, including the running integration number up, n(7).
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Table 4.2 First shell coordination number, CN, around the atoms of drug (defined in
Fig. 4.2) in free and complex forms, obtained from the integration up to the first

minimum of the atom-atom RDF, g(r), shown in Fig. 4.6.

Atom CN
free complex

o} 2.5 24
o’ 047 0.6
o’ 3.0 2.3
o* 2.6 2.5
N’ J 0.8
N’ 1.5 1.0
G 3.8 3.3
T \4.7 .

F 6.5 23

)

Changes of the first shell coordinationnumbers of drug molecule, in comparison
between its free and complex states (Fable ".Z'lJ.Q) can be classified into 3 sets; notably

al 2 ¥ 7-.- _ "_ lj'r
decrease {F', F*}, slightly decreasé {O°, N, N%TN_é} and almost the same {O', 0%, 0*}.

el

This is a consequence ofithe conformational cilénges of the/drug molecule where the 3

sets of atoms in the comp-iex form were located in the followi‘;'fg configurations relative to
the SWCNT surface (Fig. 4.5b); {F', F>} was tabbed between the SWCNT inner surface
and the five-membered ring (almost no space is available for thelsolvent); {O°, N', N?,
N°} was positioned in the plane of the six-membered.ring that coordinated in the stacked
conformation to'the SWCNT surface(onily half of the 'space around the atoms can be
solvated); {O', 0%, O*} was tilted to point away from the SWCNT surface (the atoms in

the complex were fully solvated as in free form).
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4.2.2. The functional systems

The main concept in functionalization of the SWCNTs in drug delivery system is
to increase their solubility in the body liquid as well as to decrease their toxicity. In this
study, the SWCNT-COOH and SWCNT-OH were chosen. Therefore, the structural and
dynamic properties and the solvation of the drug molecule inside the pristine SWCNT
and the two functionalized SWCNT were compated in Figs. 4.7-4.10.

In Fig. 4.7 (vertical), probability offinding the center of mass of drug molecule,
P(Cg), along the z-axis showsepreterential positions (peaks) at the functional —-COOH
(Fig. 4.7¢) and —OH (Fig..4.7e) cvoups wﬁich this event does not show in the pristine
SWCNT complex. In additiongno different;\;as focused in term of drug displacement
perpendicular to the SWCNT surfage (x-y axeg) ;)f the three complexes.

Considering changes' of drﬁg conforrﬁa_&on inside the three complexes were
compared in Fig. 8, no significant was found 1n_tei‘ms of the peak positions (215 °, 202°
and 202° for the pristine SWCNT, S'WCNT—C(-)--.V(j_I_-ij _ahd SWCNT-OH) indicating relative
orientation of the the ribése and the cytosine-based ring ofr the drug. Interesting, the
functionalized SWCNT leads to a less flexibility of drug molecule thus that in free form
(solid black for free drug in aqueous solution) and inside the pristine SWCNT. This was
indicated by a narrower of the peaks for the functionalized (SWCNT—COOH and
SWCNT-OH) SWCNT than those of the other two systems.

In terms of drug’s orientation shown by the atom-atom RDFs in Fig. 4.9. The
cytosine-based ring of the drug in the three complexes was focused to bind in stacking
conformation to the inner surface of the tube. The plots in Fig. 4.9 show that they were
found to orient in the same manner, the RDFs and the tilted angles (shown by snapshot in

Fig. 4.9b, 4.9d and 4.9f) take place at the same position.
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Because of the orientation (Fig. 4.9) of the drug in the three systems are almost
same for the drug molecule in the pristine and in the functionalized SWCNTs, no
significant different was found on the RDFs of water around the O, N and F atoms of
drug molecule (Fig. 4.10). Therefore, the peak were almost shown to take place at the

same distance and the same probability. T,l?s means that functional -COOH and -OH

groups do not affect to the drug so@‘ ////
L

@ - )
— 4

SWCNT

SWCNT-COOH

A5 ]

0.2 4 6 8 10 1

Figure 4.7 (c-e) Projection of the center of mass of gemcitabine drug onto the z-axis of
the three complexes sampled during the simulations and the corresponding existence
probabilities of drug at the position in the same z-axis as well as (d-f) the average

probabilities in x- and y-axes of the SWCNT tube.
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,. of the free and complexed



CHAPTER V

CONCLUSIONS

Two different theoretical approaches, the'quantum chemical (QM) calculation and
molecular dynamics (MD) simulations, ha)/e beeni.applied on the single-walled carbon
nanotube (SWCNT), with o witheut-carrying the gemcitabine anticancer drug. At first,
the pristine and functionalized®SWCNTs with the length of 20 A were studied by the QM
calculation with the simiempirical PM3 metﬁg&. It was found that the structural properties
involving the anchored carben atom were coﬁs_i&erably changed after modification on the
outer surface of the tube by —COOH and —OH functional groups. There are bond
lengthened by 0.1 A, angle reduction of 8-1(;‘-;_-211_'1d increase of improper angle of 27°
suggesting the lowered planarity of the tube 'sﬁffeiCe. Furthermore, the PM3 molecular

geometries of the pristing and the functionalized SWCNTSs are in good agreement with

those obtained from the MD results of the gemcitabine-SWCNTs.

To investigate the structural and dynamical properties of using the single walled
carbon nanotube (SWCNT) as a gemcitabine drug, carrier. The gdrug filling inside
SWCNT was extensively investigatedin comparison fo the drug in'free-state. According
to the local density distributions of drug projected to the diameter (xy-plane) and the
length (z-axis) of SWCNT, the drug was able to simultaneously move from one end to the
other of the SWCNT but has never visited to the surface at the distance of < 4.5 A from
two ends of the tube. This translocation is not along the parallel to the tube axis at the

center of the tube, but the favorite motion (from the center of mass of the drug) is ~ 4.7 A
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away from the inner surface where the cytosine-based ring of drug was found to bind in
stacking conformation to the inner surface of the tube with tilted angle of 19°. This data
suggested that the drug molecule is able to move freely and remain only inside the
SWCNT container with a formation of the probable aromatic stacking interactions to the
inner surface. Although the cytosine-ribose conformation of the drug in free and bound

at @hielded at the 0%, N', and F* atoms

by the collaborative interaction with the inher @the tube. The MD simulations

—

were further performed on fionaliz iNTs with —-COOH and —OH

LI
N

states was relatively similar, the dr g

substituents on the outer ficant differences in terms of drug

conformation, orientation
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