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CHAPTER I
INTRODUCTION

1.1 Drug delivery system (DDS)

At the present, DDSs, designed systems for the delivery drugs into diseased area with
controllable drug releasing ability, have been mainly focused for cancer therapy because the
number of patients continuously rises up every year and most of them are suffering from side
effects of anti-cancer drugs in chemotherapy processes. [1] Basically, the DDS component
consists of 3 main parts i.e., transporter, drug and medical device for targeting and releasing
propose. Nowadays, there are many types of materials that can be used as carrier in DDS such as
liposomes, microspheres, biopolymers and nanoparticles. In the present study, carbon
nanomaterials e.g., carbon nanotube (CNT) and graphene, are chosen as models for drug carriers
due to their useful and unique properties such as high surface area, high thermal conductivity, and

abilities to be functionalize with guest molecules.

1.2 Graphene

Graphene is a single layered sheet of polycyclic aromatic hydrocarbon and considered as
2D dimensional carbon nanomaterials. Even it was first discovered in 2004 [2], the unique
physical, electronic and chemical properties of graphene have attracted attentions from various
research areas. In biomedical applications, its high surface area with large m-aromatic system is
proper for binding of biomolecules such as biopolymers, nucleobases [3], amino acids, DNA
[4,5], RNA and aromatic anti-cancer drugs [6]. Besides, it was found that functionalized graphene
can protect DNA from enzymatic cleavage during cellular delivery [7]. Although graphene is one

of successful candidates as drug delivery vehicle, the understanding of interaction between guest



molecules and the sheet is still needed. In theoretical study, the mimic planar aromatic molecules
of graphene sheet, i.e., coronene (CyxHi), circumcoronene (CssHyg) and circumcircumcoronene
(CoeH24), as shown in Fig. 1.1, have been used as models for guest molecule adsorption to

investigate the intermolecular interaction between the guest molecule and graphene. [8,9]

Coronene

(CyyHyy) Circumcoronene

(CssHyg) Circumcircumcoronene
(CggH,s)

Figure 1.1 Structural Geometries of coronene (CyHj), circumcoronene (CssHig) and

circumcircumcoronene (CgsH.4)

1.3 Carbon nanotube

Carbon nanotubes (CNTSs) discovered by lijima and coworkers in 1991 [10] are divided
into two types, single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon nanotubes
(MWCNTSs). SWCNTSs can be imaged as long wrapped single graphene sheet while MWCNTSs
are considered as a group of concentric SWCNTSs with different diameters as shown in Fig. 1.2.
Types of SWCNT are classified from how graphene sheet-rolls to cylinder tube as represented by
(n,m) lattice vector. The (n,m) indice also determines the diameter and the chirality of SWCNT.
The tubes with (n,0) lattice vector are defined as zig-zag SWCNTSs, while the (n,n) tubes are

named for armchair SWCNTSs and other tubes are called chiral SWCNTSs [11,12] as shown in Fig.



1.2. The electronic properties of SWCNTSs strongly depend on their symmetry, e.g, the (n,m)
SWCNTs are metallic when n = m or n — m is a multiple of 3. Otherwise they are considered as

moderate semiconductors [13,14].

SWCNTs MWCNTs

(n,n,)

Figure 1.2 The schematic views for SWCNTs with armchair, zigzag and chiral structures and
MWCNTSs. [15]

Due to high hydrophobicity, CNTs are very low dispersion in aqueous solutions. To
enhance water solubility and biocompatibility, their surfaces should be functionalized or by
hydrophilic molecules or biopolymers, such as chitosan, alginate, polyethylene glycol (PEG),

phospholipid (PL), phospholipid-poly(ethylene glycol) (PL-PEG) [16] and pyrene-PEG [17].
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Figure 1.3 A multifunctional SWCNT-based platform incorporates with targeting ligands,
therapeutic agents (drug and gene), biocompatibility agent (biopolymer) and specific function for

imaging and thermal therapy [18].

The high surface area and large aromatic conjugation of CNTs cavity are appropriate for
molecule adsorption on both inside and outside the surfaces. Moreover, CNTSs are also alternative
and efficient tools for DDS because they offer possibilities to be functionalize with more than one
kind of guest molecules for each specific propose on the same tube as depicted in Fig. 1.3.
Recently, many researches have reported the succes of DDS based on CNT. [19-23] For example,
the encapsulation of cisplatin anti-cancer agent inside the oxidized SWCNTs network was
effective in reducing the growth of human lung-cancer cell by slowly releasing cisplatin to the
target cell [24]. Besides, doxorubicin anti-cancer drug can be loaded onto PEG functionalized
SWCNTs using supramolecular n-n stacking between doxorubicin and SWCNT surface [25].

The further details on anti-cancer drug and surface modification agent will be discussed.



1.4 Anti-cancer drug

The anti-cancer drugs are normally designed to stop or slow down the growth and spread
of cancer cell divisions by interrupting and damaging DNA synthesis or stop mitosis in cell
division process [26]. For that reason, some anti-cancer drugs have similar structure to
nucleobases, as can be seen in Fig. 1.4. The structures of the four anti-cancer drugs and their
analog nucleobases are shown in Fig. 1.4. Non-covalent interactions between graphene and these
guest molecules were proposed to involve with dispersion interaction. Computational techniques
have been applied to understand the dispersion interactions in the adsorptions of nucleobases, (A,
C, G, T and U) over graphene. [7-13] For example, interaction energies of stacked graphene-
nucleobase complexes at quantum chemical method that include dispersion interactions, DFT-D
methods, confirmed that dispersion interaction strongly influences to the interaction between
graphene and nucleobases and sequence of the interaction energy was in the order of G> A>T >
C > U. [14] In addition, semi-empirical approach PM3 with dispersive correction provides
considerable accuracy and cost effective to computing the interaction energy of nucleic acids with
graphene compared with more time consuming DFT-D and MP2 methods [9]. Besides analogue
anti-cancer drugs, there are also some antibiotics with anti-cancer activity that are important and
widely applied in several cancers treatment, such as daunorubicin and doxorubicin. Recently,
doxorubicin has been chosen as model of anti-cancer drug in many DDSs based on CNTSs. [25,27-
29] It has been proposed that doxorubicin can be bound to CNT surface via =-n interaction as
confirmed by the results from theoretical study [30]. However, there are not sufficient details
known about the interaction between drugs and graphene which should be useful to provide basic
information and to increase the understanding of the =-z interaction of drugs and carbon

nanomaterial carrier.
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Figure 1.4 Structural geometries of nucleobases (A, G, C, T and U) and their analog anti-cancer

drugs (MP, TG, GC and F).

1.5 Chitosan

Chitosan (CS) is a biopolymer resulted from deacetylation reaction of N-acetyl
gulcosamine (NAG) in chitin polymer chain. The number of deacetylated unit, glucosamine
(GLS), in chitosan is reported as degree of deacytylation (%DD). Recently, chitosan has been
used as biocompatible agent and linker to combined bimolecular agent with drug carrier in many
DDS applications because of its outstanding biocompatibility and low toxicity [31-35]. The
wrapping of chitosan over CNTSs surface was also reported to improves the dispersion as well as
biocompatibility of the tubes confirmed by both experimental and theoretical studies in which the
%DD of 60 was reported to be the lowest %DD that significantly enhanced dispersion of

SWCNTs. [36,37]
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Figure 1.5 Chemical structures of chitosan chain consisting of two monomers, glucosamine
(GCS, R=H) and N-acetylglucosamine (NAG, R=COCHy).

1.6 Targeting agent to cancer cell

Most of anti-cancer drugs are designed to kill or to stop the growth of cancer cells.
Therefore, the anti-cancer drugs are also toxic to quickly growing of normal cells such as cells in
the intestinal, hair and bone marrow areas. To reduce these side effects, the DDS specificity
should be improved. From the fact that the growth and cell division rate of cancer cells are
abnormally faster than those of most normal cells, so, cancer cells have high levels of key growth
factor receptors, such as the folic acid receptor and epidermal growth factor receptor (EGFR) [38-
40]. EGFR is a member of tyrosine kinase receptors that consists of many flexible parts, i.e., a
large extracellular ligand binding region, a single transmembrane domain and an intracellular
tyrosine kinase domain [41]. The extracellular region of EGFR is divided into four domains
named domain I, I, 11l and 1V [42-44]. In domain | (residue 1-165) and Il (residue 310-481),
their amino acids chain fold into single stranded right-handed B-helical barrels and the two
domains contribute to ligand binding [45]. The cysteine-rich domains, domain Il (residue 166-
309) and 1V (residue 482-618), contain small disulfide bonds which construct the chain protein
into an extended rod-like structure. The interaction of this extended beta-hairpin loop in domain

I with a pocket in domain IV prevents the close contact between domain I and 111 which is proper



for the approach of ligand binding. This auto-inhibit conformation of EGFR is called tether or
inactive form. The activation of tyrosine kinase at intracellular region of EGFR was proposed to
trigger from dimerization of EGFR.[46,47] For that reason, dimer of EGFR is known as active
form. Many study confirmed that the binding of EGF with domain | and Il of EGFR induce the
rearrangement of domain Il and IV to proceed the dimerization process of EGFR and activate
tyrosine kinase activities that control proliferation, motility and differentiation of the cell [41,43-

45,48-50] as shown in Fig. 1.6.
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Figure 1.6 The model of ligand induced dimerization of EGFR [44]

Hence, ligands with high affinity to these receptors such as epidermal growth factor
(EGF) [51-54] can be used as specific targeting agents to cancer cells, shown as schematic view
in Fig. 1.7. For example, the in vitro study of oxidized SWCNTs conjugated with EGF and
cisplatin anti-cancer confirms that EGF can be used as targeting agent to increase specificity of
DDS to cancer cell shown as rapid decreasing of tumor size and specific localization of DDS to

the cancer cell area. [55] Although many studies confirm the success of EGF-CNT based drug



delivery, there is a small number of research groups focusing on the intermolecular interactions

between EGFR and the bioconjugated CNT (EGF-CNT).
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Figure 1.6 Schematic process of carbon nanotube for selective recognition and targeted drug
delivery system.

According to all above informations, although are many experimental studies have
reported the success of graphene and CNT as anti-cancer drug carrier in DDS, further details
about interactions among DDS components and the interactions between DDS and cancer cell
receptor protein are required to fulfill the understanding of the DDS. For that reason, the aim of
the present study is to provide molecular properties of targeted DDS by using computation

chemistry techniques. The study content is divided in to 5 parts as shown below;

1. The non-covalent interaction of nucleic acid analogue anti-cancer drug with graphene
2. Investigation of the arrangement of doxorubicin over graphene

3. Gemcitabine anti-cancer drug loading capacity on carbon nanotube

4. The effect from length of chitosan linker to the conformation of EGF in targeted DDS

5. Binding interaction of targeted DDS with EGFR of cancer cell



CHAPTER II
THEORY

2.1 Density functional theory (DFT)

In density functional theory (DFT), the total energy and properties of a molecular system
can be determined from the electron density (p). The concept of density functional theory comes
from Thomas-Fermi model [56] and later proven by Hohenberg and Kohn [57] in 1964. In the
DFT theory, the total energy is written as

Elp] = Tlp] + Vexelp] + Veelp] (2.1)
where T[p] is kinetic energy, V., is the interaction with external potential and V,, is the electron-
electron interaction.

Kohn-Sham proposed non interaction electrons to appproximate the kinetic energy and

electron-electron function as

1c,
—EZ(QDHV lo:) (2.2)
i=1
The electron-electron interaction was noted as classical Coulomb interaction, J[p],
p(r’
=3 Pfj_ﬂﬁf ar 2.3)

Thus, the energy function of Kohn-Sham equation can be written as,

E[p] = Tslp] + Vexelp]l + J[p] + Excp] (2.4)

where the exchange-correlation functional, E,, is the summation of the error from non-interacting

kinetic energy and the error made in treating electron-electron interaction defined as,
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Exclp]l = (T[p] = TslpD + (Veelp] = Jp]) (2.5)

According Schrodinger’s equation, the resulting equations of Kohn-Sham equation for one-

electron equation is

(—%VZ + Veff(r)) Vi = &1, (2.6)
where V¢ (r) is
Verr(r) = V() + 55+ 2= 2.7
1 !
Vepr(m) =V (r) + 5 f If(—rr)’l dr' + V. (2.8)

Due to the exact functional of exchange-correlation term are unknown, for that reason,
approximations were applied to the exchange-correlation function such as local-density
approximation (LDA), generalized gradient approximation (GGA), hybrid GGA and meta hybrid
GGA.

The dispersion interaction and van der Waals (vdW) forces are important interactions in
many compounds such as DNA, proteins and carbon nanomaterials. Many researchers have been
focused to improve the accuracy of the calculation in DFT method. One of the deficiencies of
DFT calculation is the lack of the dispersion energy. The review from Grimme [58] shows that
there are several methods to increase the dispersion correction accuracy as shown in Fig. 2.1. The
vdW-DF is a non-empirical method to compute the dispersion energy by adding dispersion
energy term in Kohn-Sham equation. The parameterized DF is modified by parameterizing the
standard meta-hybrid approximation e.g. M05 and M06 family of functionals. [59,60] The DFT-

D method is a semi-classical correction by summation of pairwise atom over CsR™® potential. The
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last dispersion-correction method, dispersion-correcting atom-centered one-electron potential

(DCACP), is based on the concept of one-electron correction potential.

Dispersion
/ corrections \

Density based Cg based Effective one—electron
'/ \ potential
V= VKS+VNL V= V[\s paur V=VKS+V1L'

vdW— DF Parameterized DFT-D DCACP
i DF \ LAP/DCP

Figure 2.1 The currently dispersion correction in DFT (Exs and Vs are Kohn-Sham total energy

and potential, respectively [58].

2.2 Density functional tight binding (DFTB) theory

To speed up the calculation and offer the possibility to study with the systems contained
higher than 100 atoms, semi-empirical methods were applied. The density functional tight
binding (DFTB) method is one of the recognized approximate DFT. The DFTB contains
following approximations:

1) Density and potential functions are written as superposition of atomic density and
potentials

2) The many-body Hamiltonian in DFT is replaced with parameterized Hamiltonian
matrix by summarize with repulsion energies and written as a summation of pairwise repulsive
terms.

3) The Kohn-Sham orbitals are expended in a set of localized atom centered function
(LCAO) and written in term of Slater-type orbitals where Hamiltonian and overlap matrices

contain only one- and two-center contribution.
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The general DFTB can be obtained from

valence
orbitals

N
EDEE= Y mety ) E 29)
i aB
wheren; and ¢; are occupation and orbital energy of the Kohn-Sham eigenstate and E..,
corresponds to a sum of short-rang repulsive potentials.

To describe the charge-transfer phenomenon property, induced-charges term which
determined from Mullikan population analysis is included. The obtained solution is named self-

consistent charge density functional tight binding (SCC-DFTB). The SCC-DFTB total energy is

obtained from

valence
orbitals 1 N 1 N
ESSC-DFTE = Z n;& + EZ Yap Aqalqp + EZ Evep (2.10)
i af ap

where the first term is energy summation over all occupied eigenstate, the second term is derived
from second-order expansion of the exchange-correlation functional respected to the charge
density fluctuation which approximated as atomic charge (Aq) and the last term, E.p,
corresponds to a sum of short-rang repulsive potentials.

Additionally, the dispersion energy (Eqisp) can be included into the DFTB approach and

named DFTB-D as shown in Eq. 2.11.

EtDoI;TB_D = Epprp + Z Edispersion @J) (2.11)
i<j

The dispersion term is determined as,

Edispersion - fij(Rij)R_6 (2-12)
ij

i<j
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where R;; is interatomic distance, Céj is dispersion coefficient for ij atom pair and fl-j(Rl-j) is a
damping function to switch off the calculation for atoms with distances shorter than a

characteristic distance of chemical bonding region, R.

(2.13)

2.3 Molecular dynamics simulation

Molecular dynamics (MD) simulation based on Newton’s second law is a helpful
technique to simulating the time dependent behavior of systems because molecular activities
come from the time dependent interactions between molecules at atomic level. The MD can
provide information at the microscopic level, e.g., atomic positions, velocities and atomic
energies. This microscopic information is then converted to the macroscopic level, e.g., pressure,
temperature, heat capacity and stress tensor by using statistical mechanics. The concept of the
statistic mechanics is based on Gibbs ensemble where the term “ensemble” is a collection of all
possible systems having different microscopic states but identical macroscopic or
thermodynamics states. One fundamental ensemble is called the micro-canonical ensemble and is
categorized by constant particle number (N), constant volume (V) and constant total energy (E),
denoted as the NVE ensemble. Other examples are the canonical or NVT ensemble, the

isothermal-isobaric or NPT ensemble, and the grand-canonical or VT ensemble [61].

The essential parameters for classical MD simulation are (i) potential energy of particles

to calculate the forces, and (ii) the equation of motion governing the dynamics of the particles.

From Newton’s law,

Fi =m;aq; (214)
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Where F;, m; and ga; are force, mass and acceleration of particle i, respectively. The force can be

expressed as the gradient of the potential energy (V),

F,=-V,V (2.15)

Combining (2.14) and (2.15) together are obtains,

2,
W o, L (2,16)

N dr; L ax?

From equation (2.16), Newton’s equation of motion can then related to the potential
energy and the changes of position as a function of times. If atomic forces and masses are
obtained, then the positions of each atom along a series of extremely small time steps (on the

order of femtoseconds) can be solved.

Basically, the total potential energy of a system can be derived from simply physical

forces,
V' = Epondea + Enon—bondea (2.17)
where Eyonded = Evona + Eangte + Etorsion (2.18)
Enon-bonded = Evan der waais + Eetectrostatic (2.19)

For bonded term, the Epqongterm is applied from the concept from Hook’s Law. The Egange
term describes the energy change associated with deviation from an ideal bond angle geometry
while Eyrsion term describes the energy associated with the rotation of dihedral angle around the
middle bond. For the non-bonded term, the van der Waals interaction is obtained from Lennard-
Jones potential in Eqg. (2.20), while Coulomb potential is applied for the electrostatic term as

shown in Eg. (2.21).
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VM = 4e [(g)lz - (2)6] (2.20)

r

where € is the cohesive energy well depth, ¢ is the equilibrium distance and r represent the

distance between particles.

(2.21)

where r represents the distance between two atoms having the charges g; and g, while ¢ is the

effective dielectric function

Due to the fact that the potential energy is a function of all atoms in the system, the
numerical algorithms have been applied for integrating the equation of motion such as Verlet
algorithm, Leap-frog algorithm, Velocity Verlet, Beeman’ s algorithm and symplectic
reversible integrators. Generally, all algorithms assume the position, velocities and acceleration
by Taylor series expression to predict the system configuration at time (¢ + J¢). To summarize
the procedure, at each step, the forces on the atoms are computed and combined with the current
positions and velocities to generate new positions and velocities a short time ahead. The force
acting on each atom is assumed to be constant during the time interval. The atoms are then
moved to the new positions, an updated set of forces is computed and new dynamics cycle goes

on.
2.4 Replica exchange molecular dynamics simulation

Since most of MD simulation studies are relied on canonical ensemble simulations, the
problem of many local minima traps cause a limit range of sampling and lead to incorrect
results. Increasing the simulation temperature can rise up the probability to cross the barrier from

one minimum to another and result in higher probability to achieve the global minimum.
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Replica exchange molecular dynamics (REMD) simulations is applied to solve this
problem [62-67]. Generally, REMD is the set of several independent simulations run at different
temperatures in parallel and attempt to exchange temperatures of any two neighbor replicas with
probability of

1, for A<O0

exp(—4), for A>0 (2.22)

wix - x) =

1 1
where A= [k_Tl - k_TZ] (EZ - El)
If the difference of temperatures (T,-T,) of the two replicas is small enough and their
energies are overlapping, then the exchange of temperature between the two replicas is allowed
otherwise the exchange is rejected and each replica is simulated at the previous temperature,

shown in a schematic view in Fig. 2.1.

Temperature exchange Temperature exchange

Replica 1, T1 P> 7 > ——  Replica 1, T2
Replica 2, T2 é'/ 3 é . ,‘fé Replica 2,73
accepted
Repicad. T3 5 5 N5 Replica3 Tt
accepted
Replica 4, T4 ey Ny, ————3 Replica4,T4
rejected

Figure 2.2 Schematic view of REMD simulation

The exchanges of temperature following the criteria as Eq. 2.9 enhance random walks
from local minima to other minima and may reach global minimum of potential energy surface.
For example, the comparison of results from two single canonical MD simulation at T=200 and
700 K with REMD simulation (8 replicas in the temperature range of 200 - 700 K) of Gly-2 by

Sugita [62] shows that REMD simulation give broader configuration (Fig. 2.2b) than



18

conventional canonical simulation (Fig.2.2a) even at low temperature (200K). The lower
probabilities of the position observed from canonical simulation in the result of REMD imply that
the simulation at low temperature of canonical simulation is trapped in one of the local minima
state. For that reason, REMD is a useful method for investigate the configuration of systems with

high-dimensional rough energy surface like proteins.

Local minima trapped
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Figure 2.3 Distributions of dihedral angles of Gly-2: (a) from a regular canonical MD simulation
at 200 K, (b) from the replica-exchange MD simulation at T=200 K [62].



CHAPTER 111
METHODOLOGY

3.1 The non-covalent interaction of nucleic base analogue anti-cancer

drug with graphene

First of all, the binding interactions of benzene dimer were calculated with M06-2X,
MP2, and CCSD(T) methods to understand the basic concept of dispersion interaction from
aromatic compounds. After that, complexes of graphene with nucleobases (A, C, G, T and U) and
nucleic base analogue anti-cancer drugs (MP, GC, TG and F) were created and calculated their
binding energies by using Gaussian 09 software to describe the non-covalent interaction as well

as the dispersion interaction between the guest molecules and graphene.

Thione conformations Thiol conformations
S SH
N Z N
HN S N7e Sy~
J\%)i» ﬁ»
R™ N N R °N N
H H
(N1,N9) (N9)
R=NH, TG
s R=H MP
H SH |
Ny NJE\,'[’N>
2 4 98/ ; 3 8
R)*“ﬁl N RJ\\Q N
(N1,NT) (N7)

Figure 3.1. Tautomeric conformations of MP and TG. [68-70]
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In case of purine base analogue, MP and TG, many tautomer conformations have been
reported as shown in the Fig. 3.1. From theoretical calculation, TG(N1,N9) is the most stable
thione tautomer of TG in gas phase while those of MP is the thiol conformation in MP(N9).
[68,70] For that reason, the most stable structure in gas phase of MP and TG were chosen in the

present study.
3.2 Investigation of the orientation of doxorubicin over graphene

The alignment of neutral and positive charged doxorubicin over graphene were
investigated by using density functional based tight binding (DFTB)[71]. The aromatic
conjugation of graphene was represented by graphene sheet C,;sHse created by using material
studio software package while the structure of doxorubicin obtained from Drug Data Bank
Database (entry code: DB00997) [72]. To generate various orientation of doxorubicin over
graphene sheet, the private code developed from Prof. Stephan Irle’s group were applied on the
system to obtain 500 complexes with difference in doxorubicin orientation. After that, all 500
complexes were fully optimization using DFTB method with dispersion correction (DFTB-D)
[73] in DFTB+ 1.2 software. [74] Then, all the optimized structures were examined in terms of
energy decomposition and structural analysis to overlook the energy surface of doxorubicin-
graphene complex. The same procedure was applied to generated 500 orientations of positively
charged doxorubicin over graphene to compare the effect of positive charge of the drug to the
binding with graphene. In the analysis part, the distances between heteroatoms and graphene were
measured. The interaction energies, Eyr, between drug and graphene were calculated by using

Eq. (3.1).

EINT = Ecomplex - Egraphene - Edrug (3-1)
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All geometry optimizations as well as frequency calculation were performed with meta-
hybrid DFT functionals, M06-2X, in conjugated with correlation-consistent polarized basis sets
such as cc-pVDZ and cc-pVTZ. In addition, counterpoise corrections were applied to eliminate
basis set superposition error (BSSE). The obtained interaction energies of each nucleic acid and
analogue anti-cancer drug were compared at 3 difference sizes of graphene sheets, coronene
(CysH1), circumcoronene (Cs4sHig) and circumcircumcoronene (CosHas) to evaluate the edge
effect of the sheet and the influence of the graphene size to the non-covalent interaction.
Moreover, the achieved results were also compared with other DFT methods, such as DFT-D,
that can explain dispersion interactions and van der Waals (vdW) interactions of aromatic

molecules.

3.3 Gemcitabine anti-cancer drug loading capacity of carbon nanotube

Preparation of the initial structures
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Figure 3.2 (a) Chemical structure of the anti-cancer drug, gemcitabine, with atomic labels. (b)
Initial structure of the six studied systems with different drug loadings (1-6 gemcitabine
molecules per SWCNT) contained inside the SWCNT cavity where the x-, y- and z- axes are also

assigned.
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To investigate the molecular properties of different drug loadings inside the SWCNT,
(18,0) open-ended SWCNT with a 14 A diameter and 34 A length were selected as DDS model in
this study. The six systems with different uptakes of gemcitabine in the SWCNT cavity were
generated by increasing the number of drug molecules from 1 to 6 labeled as i-GEMZAR, where i
= 1-6, respectively. The gemcitabine geometry (atomic labels of the drug are shown in Fig. 3.2a)
was extracted from the co-crystal structure of human deoxycytidine kinase bound to gemcitabine
(PDB code 2NQOO0). [75] In the initial state, the gemcitabine molecules of all drug-SWCNT
complexes were placed in the middle of the SWCNT with equivalent inter-molecular distances
between each drug molecule when more than one was present, as illustrated in Fig. 3.2b.
Afterwards, each complex was solvated with the SPC/E water model in an octagonal box over 12
A from system surface. In all simulations, parameter for CA atom type from AMBERO03 force
fields [76] were applied for the SWCNT [36], while the atomic charges and parameters of

gemcitabine were taken from reported calculations of Uthumporn et.al [77].

MD simulations setup

All MD simulations were carried out under the periodic boundary condition with the NPT
ensemble at 1 atm and 300 K using the SANDER module of the AMBER 10 program package by
using standard procedures [13,78,79]. The SHAKE algorithm [80] was applied to all covalent
bonds involving hydrogen atoms. A time step of 2 fs and a cutoff function at 12 A for non-
bonded interactions were used for all systems. The long-range electrostatic interactions were
calculated via the particle mesh Ewald Sum method [81]. Afterwards, each system was heated up
to 300 K for 60 ps, and then fully unrestrained MD simulations were performed for 20 ns. The

trajectories extracted every 1 ps from the last 10 ns were used for all analyses.
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3.4 The effect from length of chitosan linker to the conformation of EGF

in targeted DDS

(a) (b) (c)

Figure 3.3 Schematic view of the initial DDS structure of (a) the EGF/30CS/SWCNT/Gemzar
and (b) the EGF/60CS/SWCNT/Gemzar DDSs. EGF is represented as a blue ribbon and the
chitosan units are shown as an orange line wrapped around the SWCNT (grey surface).
Gemcitabine is located inside the SWCNT cavity as seen in (c) the cross-section view of the

SWCNT.

Preparation of the initial structures

In this part, two DDSs composed of four components; SWCNT, EGF, chitosan of two
different chain lengths (30CS and 60CS) and gemcitabine (Gemzar) termed as
EGF/30CS/SWCNT/Gemzar and EGF/60CS/SWCNT/Gemazar, respectively, were generated. The
EGF and gemcitabine structures were obtained from PDB entry codes INQL [44] and 2NOO [75],
respectively. The 30CS and 60CS chains were helically wrapped on (18,0) zig-zag SWCNT with
14 A in diameter and 34 A in length using the Material Studio 4.3 package software. Both the

30CS and 60CS chains had a 60% degree of deacetylation (%DD) in a random sequence of NAG
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and GLS monomers. The 60% DD level was selected because it is the lowest %DD that
significantly improved dispersion of SWCNTSs [37]. The 30CS chain composed of 12 NAG and
18 GLS, whilst the 60CS chain composed of 24 NAG and 36 GLS units. To create the complex
systems, EGF was covalently linked to the chitosan chain via a peptide bond between the
backbone carbonyl carbon of R53 at the C terminal end of EGF and the nitrogen of the first
chitosan unit. Additionally, the gemcitabine drug was placed inside the center of the SWCNT
cavity, as shown in Fig. 3.3 where the initial structures of the two systems were also illustrated.
The molecular topologies of the two systems were produced using antechamber tools in
AMBER10 software [13,78,79]. The parameters of EGF and SWCNT were applied using
AMBERO3 force field [76], while GLYCAMO06 force field was govern for chitosan [82]. The

partial charges and parameters of gemcitabine were applied as in previous sessions [77].

REMD simulations setup

The calculations of the two DDSs were performed using AMBER10 software package.
Firstly, all systems were minimized with steepest descent of 2500 steps. Then, the minimized
structures were applied to REMD simulations over a temperature range of 300-455 K. After that,
32 replicas with the difference in the temperature between each replica of 5 K were set to obtain
acceptance ratio in the range of 20-50% probability. Afterward, equilibration at each temperature
was simulated for 20 ps. Then, equilibrated structure at each temperature was the starting
conformation for each replica in REMD simulation. The simulations were performed for 5 ns
where the replica exchanges were attempted every 1 ps and the trajectories were written every

2 ps.
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3.5 Binding interaction of targeted DDS with EGFR of cancer cell

Preparation of the initial structures

To explore the binding of EGF and EGFR with and without the presence of DDS, 2
complexes of EGFR with different functionalized EGF were generated. The first system was the
binding of EGFR with pristine EGF (EGFReEGF). The other system was complexes of EGFR
bounded with EGF linked with SWCNT through a wrapped chitosan chain, entitled as
EGFReEGF-CS-SWCNT-Drug, respectively.

For the first system, EGFReEGF, the structural geometry was obtained from
crystallographic structures of EGF and extracellular region of EGFR in the Protein Data Bank
(PDB) codes INQL [44] where number of residues of EGFR and EGF are 612 and 53 amino
acids, respectively. The missing residues of EGF (N1 and S2 at the N-terminal end and E51, L52

and R53 at the C-terminal end) were built by using Discovery studio software package.

1 612 1 53

EGFR-EGF EGFR EGF
612 1

1 53 1 60
EGFR-EGF-CS-SWCNT-Drug
1 612 665 725

1 1

726 727

Figure 3.4 The sequences and components of the two studied system, EGFReEGF and
EGFReEGF-CS-SWCNT-Drug that compose of total residue number of 665 and 727,

respectively.

In case of EGFReEGF-CS-SWCNT-Drug, the (18,0) SWCNT with 14 A in diameter and
34 A in length generated from Nanotube Modeler package [83] was chosen as a model of
SWCNT where gemcitabine as anti-cancer drug (PDB codes 2NOO [75]) was placed in the
middle of the channel of the channel. The chitosan chain consisted of 60 units with 60% DD in a
random sequence of NAG and GLS monomers was wrapped over pristine SWCNT outer surface

(both end tips terminated with H). Then, EGF was covalently linked to the chitosan chain via a
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peptide bond between R53 at the C terminal end of EGF and the first chitosan unit in the same
manner as the section 3.4 [84] to obtain EGF-CS-SWCNT-Drug. After that, the EGF-CS-
SWCNT-Drug was superimposed with EGF in EGFReEGF to obtain EGFReEGF-CS-SWCNT-
Drug. The sequences of all components in the three systems are presented in Fig. 3.4. Parameters
of the amino acids and SWCNT were taken from the AMBER ff03 force field where the atom
types CA and C were chosen to represent the aromatic carbon atoms and the tertiary
functionalized carbon atoms on the end tips, respectively, while the GLYCAMAO6 force field [82]
was applied for chitosan. The parameters of gemcitabine were obtained as the same manner as

section 3.2 and 3.3. [77,85]

(i) EGFReEGF (ii) EGFReEGF-CS-SWCNT-Drug

Figure 3.5 The 3D structures of the four systems studied: (i) EGFReEGF, (ii) EGFReEGF-
SWCNT-Drug and (iii) EGFReEGF-CS-SWCNT-Drug. The EGF and I-IV domains of EGFR are

represented by orange, blue, cyan, green and pink, respectively.

MD simulations setup

The MD simulations were applied on three systems; (i) EGFReEGF and (ii) EGFReEGF-
CS-SWCNT-Drug, as shown in a schematic view in Fig. 3.5. To set up the systems, the
protonation state of the ionizable amino acids was assigned in the following manner: all Asp and

Glu residues were considered to be negatively charged while all Arg and Lys residues were



27

treated as positively charged. Additionally, the disulfide bridges between two CY'S residues were
preserved by setting them as CYX. Afterward, all missing hydrogen atoms of proteins, SWCNT
and gemcitabine were added with standard bond lengths and angles using the LEaP module of
AMBER 10 [86]. Then, each system was solvated in the truncated cubic box of TIP3P water
molecules. To neutralize the electrical charge of the system, sodium ions were randomly added in
the EGFReEGF and EGFReEGF-CS-SWCNT-Drug complexes.

All simulations were carried out under the periodic boundary condition with the NPT
ensemble using AMBER10. The particle mesh Ewald method [81] was used to handle the long-
range electrostatic interactions, whilst the SHAKE algorithm [80] was employed to constrain all
bonds involving hydrogen atoms. A time step of 2 fs and pressure of 1 atm with a cutoff of 12 A
for non-bonded interactions were applied. To reduce steric contacts prior to the simulation
process, the hydrogen atoms were firstly minimized with all the heavy atoms fixed, followed by
the optimization of the added water molecules and finally the minimization of the whole
structure. All systems were heated to 298 K for 60 ps and then the MD simulations were
performed for 50 ns. The MD trajectories were recorded every 500 steps and only the snapshots

extracted after the system achieved the equilibrium were used for analysis.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 The non-covalent interaction of nucleobases analogue anti-cancer

drug with graphene

e

W

T-shape-carbon (TC) T-shape-hydrogen (TH) Stack (S) Parallel displacement (P)

Figure 4.1 optimized geometries of benzene dimers

One of important interaction between aromatic compounds is the dispersion interaction.
The dispersion interaction has been found to influence the orientation of DNA, proteins on carbon
nanomaterials. [87] The simplest model that can be used to understand the dispersion interaction
of aromatic compounds is benzene dimer. Hence, the binding energies of benzene dimer were
investigated through the mimic models such as T-shape-carbon, T-shape-hydrogen, stack and
parallel displacement conformation. These four dimers were optimized at several levels of
accuracy, i.e. M06-2X, MP2, and CCSD(T) with cc-pVDZ level of basis sets in Gaussian 03.
Optimized geometries obtained from MO06-2X/cc-pVDZ were shown in Fig. 4.1. The obtained
results from calculations with M06-2X/cc-pVDZ and MP2/cc-pVDZ reveal that the dimer in
parallel displacement was the most stable complex when compared with 3 other conformations.

However, the T-shape-hydrogen was the most stable form when calculated with CCSD(T)/cc-
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pVDZ. This result is supported by the literature that MP2 overestimates the dispersion interaction
in comparison to the higher accuracy method [88] such as CCSD(T), as shown in Table 4.1. The
difference of binding energies of the four dimers at CCSD(T)/cc-pVDZ level were less than 1
kcal/mol suggesting that the energy surface of benzene dimer is very flat and, thus, many

conformations of the dimer are possible.

Table 4.1 Binding energies (kcal/mol) of benzene dimers and complexes between coronene and

benzene
Complex Methods TC TH S P
MO06-2X/cc-pVDZ -2.98 -3.02 -1.70 -3.34
dimer MP2/cc-pVDZ -4.11 -4.65 -351 -5.14
CCSD(T)/cc-pVDZ /IMP2/cc-pVDZ -2.48 -2.88 -0.91 -2.00
C24Y ONIOM(MP2/cc-pVDZ : B3LYP/cc-pVDZ) -2.93 -3.05 -4.06 -4.37
benzene ONIOM(CCSD(T)/ cc-pVDZ : B3LYP/cc-pVDZ) -2.14 -2.21 -1.50 -1.96
c24% ONIOM(MP2/cc-pVDZ : B3LYP/cc-pVDZ) -4.07 -4.04 -6.26 -8.07
benzene ONIOM(CCSD(T)/ cc-pVDZ : B3LYP/cc-pVDZ) -2.94 -3.88 -3.02 -3.65
C24/ — \106-2X/cc-pvDZ 311 -3.08 771 -8.64
benzene
Remark: C24* = coronene with high layer of central 6 carbon atoms in ONIOM method. and

C24° = coronene with high layer of 10 carbon atoms in ONIOM method as shown structure in Fig. 4.2.

C24" : C24 with high level C242 : C24 with high level
in 6 carbon atoms region in 10 carbon atoms region

Figure 4.2 The models of C24 for ONIOM calculation, (left) the 6 carbon atoms and (right) 10
carbon atoms at high layer labeled in black while atoms in low layer were in grey.
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C24'/Benzene-TC C24'/Benzene-TH C24'/Benzene-S C24'/Benzene-P

C24?%/Benzene-TC C24?%/Benzene-TH C242/Benzene-S C24?%/Benzene-P

Figure 4.3 Optimized geometries of coronene/benzene complexes at MP2/cc-pVDZ : B3LYP/cc-
pVDZ.

To give more details about the dispersion of aromatic ring, the binding of benzene with
coronene CyHi, were investigated by four conformations in the same manner as the benzene
dimers. To reduce computational time, the ONIOM (our own n-layered integrated molecular
orbital and molecular mechanics) method [89] developed by Morokuma and co-worker [89,90],
was applied in which the MP2/cc-pVDZ or the CCSD(T)//cc-pVDZ was used in high layer while
B3LYP/cc-pVDZ were taken for low layer. Two models of ONIOM were applied for calculating
the binding of benzene with coronene (C24). In the first model, the center 6 carbon atoms of C24
and benzene were selected as the high layer while for another model 10 carbon atoms of C24
were chosen as shown in Fig. 4.2. The results of these calculations are presented in Table. 4.1

and Fig. 4.3. It can be noticed that when the size of the high layer is increased, the binding energy
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also increased. For example, the binding of benzene in parallel displacement was increased from
-4.37 to -8.07 kcal/mol and -1.96 to -3.65 kcal/mol at MP2/cc-pvDZ: B3LYP/cc-pVDZ and
CCSD(T)//cc-PVDZ: B3LYP/cc-pVDZ, respectively. The binding of benzene complex with C24
was in the same trend with that of benzene dimer e.g. the T-shape dimers were the most stable
forms in the calculation with CCSD(T) but were less stable than the parallel forms when
calculated with MP2. The four complexes were fully optimized at M06-2XM06-2X/cc-pVDZ and
the obtained results are in agreement with MP2/cc-pVDZ: B3LYP/cc-pVDZ as shown the results
in Table 4.1. All of these results suggest that both MP2 and M06-2x overestimate the dispersion
of benzene adsorption when compared to CCSD(T) level. In another hand, without proper
description of dispersion energy the parallel form is preferred. Thus, the accuracy of the method

should be of concerned.

To understand the binding of small biomolecule with graphene, the interactions between
nucleobases and analogue anti-cancer drugs with graphene were investigated. The details of
binding interactions were divided into i) the adsorption of nucleobases and ii) the adsorption of
analogue anti-cancer drugs.

The adsorption of nucleobases

Table 4.2 The distances (in A) between nucleobase and graphene

C24 C54 C96

MO06-2X/ MO06-2X/ MO06-2X/  B97-D/ MO06-2X/ MO06-2X/ MO06-2X/  B97-D/ MO06-2X/  B97-D/
6-31G(d) cc-pvDZ cc-pVTZ TZV(d,p) 6-31G(d) cc-pvVDZ cc-pVTZ TZV(d,p) 6-31G(d) TzVv(d,p)

3.29 3.31 3.32 3.26 3.29 3.29 3.30 3.11 3.29 3.03
C 3.28 3.28 3.30 3.19 3.27 3.27 3.29 3.04 3.27 2.97
G 3.27 3.28 3.30 3.20 3.27 3.27 3.29 3.05 3.27 3.01
T 3.26 3.26 3.29 3.23 3.26 3.26 3.28 3.10 3.25 3.01

U 3.25 3.25 3.28 3.22 3.25 3.26 3.27 3.09 3.25 3.00
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For the adsorption of nucleobases, the A, C, G, T and U in complex with three graphene
sheets (C24, C54 and C96) were fully optimized by using M06-2X with 6-31G6-31G(d), cc-
pVDZ and cc-pVTZ basis sets. All nucleobases are located at the center of graphene flake in the
partial parallel displacement as illustrated by the optimized geometries of nucleobase with the
three graphene sheets in Figs. 4.4-4.6. The average distances between the nucleobase heavy
atoms and graphene surfaces have been reported in Table 4.2. The range of the obtained distances
is in agreement with the thickness of monolayer of guanine and adenine on graphite of 3 A by
atomic force microscopy (AFM) [91]. Compared with the DFT-D study at B97-D/TZV(d,p) from
Antony and Grimme [9], the observed distances of all nucleobase are a little bit longer e.g. the
distance of A to C96 is 3.29 A at M06-2X/6-31G6-31G(d) while those of B97-D/TZV(d,p) is
3.03 A. In addition, the result suggests that the distances between nucleobases and graphene
depend on the level of basis set. When the level of basis set increases, i.e. from cc-pVDZ to cc-
pVTZ, longer distances between nucleobases and graphene are observed. For example, the
distance of C to C54 increases from 3.27 to 3.29 A when the basis set is altered from cc-pVDZ to
cc-pVTZ. Moreover, the size of graphene is found to influence the binding of nucleobase. When
the size of graphene model is increased, the nucleobases locate closer to that graphene surfaces as

shown by shorten of the distances in C54 and C96 complexes compared with C24, as seen in

G o SR o

C24/G C24/A
C24/T C24/C C24/U

Figure 4.4 Optimized geometries of complexes between nucleobase and graphene (C24) in order
of their binding energies (G>T >C > A > U).

Table. 4.2.
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C54/G C54/A

C54/T C54/C C54/U

Figure 4.5 Optimized geometries of complexes between nucleobase and graphene (C54) in order
of their binding energies (G>A>T > C > U).

- &

C96/G C96/A

e ' i

Co6/T Co6/C Co6/U

Figure 4.6 Optimized geometries of complexes between nucleobase and graphene (C96) in order
of their binding energies (G>A >T > C > U).
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In term of binding energy, the obtained interaction energies reveal that the size of
graphene influences the binding of the bases, as presented in Table. 4.3. To eliminate basis set
superimposition error (BSSE), the counterpoise correction method was applied and the BSSE
corrected interactions were presented in parentheses in Table 4.3. As expected, the differences
between calculated binding energies with and without BSSE correction are reduced when the
level of basis set is increased. For example, the binding energies of A to C24 without BSSE
correction at M06-2X with 6-31G6-31G(d), cc-pVDZ and cc-pVTZ are -14.57, -15.25 and -12.87
kcal/mol while those with BSSE correction are -9.60, -10.88 and -11.17 kcal/mol, respectively.
These data suggest that the accuracy from calculation by M06-2X method at 6-31G6-31G(d) and
cc-pVDZ are not proper enough when compared with the calculation at cc-PVTZ because their
BSSE correction energies are smaller than the cc-pVTZ result. In addition, the BSSE corrected
binding energies of purine base (A and G) raised up about 2 kcal/mol when the size of graphene
increased from C24 to C54 and slightly increases about 0.1 kcal/mol from C54 to C96. The
purine base binding energies obtained using C54 and C96 are in good agreement with results at
MO06-2X/TZV(2d,2p). [8] However, when compared with B97D/TZV(2d,2p) the binding energies
obtained in this work are smaller for all graphene sizes. For example, the binding energies of A
at B97D/TZV(2d,2p) were -14.20, -19.30 and -20.20 kcal/mol for C24/A, C54/A and C96/A,

respectively, while at M06-2X/6-31G6-31G(d) were -14.57, -16.24 and -16.19 kcal/mol.

In C24 complex, graphene sheet is too small and the edge effect may perturb the binding,
(see Fig. 4.4). The interaction energy was in the sequence of G > T > C > A > U where the
binding complex of A was the less stable than T and C although A contains larger aromatic
conjugate than the two pyrimidine base. When the graphene size is large enough i.e. C54 and C96
(see respectively Figs. 4.5-4.6), this edge effect can be eliminated and the binding order change

to G> A>T >C > U which is the same order as obtained by both experimental studies [3,92]
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and previous theoretical studies [9,93,94]. Therefore, the size of graphene sheet that suitable for

the adsorption of nucleobase should be larger than C24 or at least around 54 carbon atoms [9].

Taken altogether, the M06-2X method can give reasonable results for the non-covalent
interaction of nucleobase and graphene and is in good agreement with other DFT-D studies. Thus,
the M06-2X were applied to the study of non-covalent interaction of nucleobase analogue anti-
cancer drugs with graphene. It is worthwhile to note that only C54 and C96 size of graphene sheet
were selected for that investigation to reduce the edge effect as discussed above.

Table 4.3 Binding energies (kcal/mol) of nucleobases with different size of graphene sheets. The
values in parentheses are the binding energies with BSSE correction.

method A C G T U
MO6-2X/6-31G(d) 1457 (-9.60) -1512 (-10.57) -1855 (-13.35) -1561 (-11.07) -13.52 (-9.35)
MO6-2X/cc-pVDZ 1525 (-10.88) -15.64 (-11.56) -19.24 (-14.40) -16.07 (-12.06) -13.98 (-10.25)
MO6-2X/cc-pVTZ -12.87 (-11.17) -1364 (-12.06) -16.72 (-14.89) -14.09 (-12.71) -12.23 (-10.89)

o MO06-2X/TZV(2d,2p)°  -11.70 -13.30 -15.80 -12.60 -10.90
DFT-DITZV(2d,2p)®  -13.80 -13.30 -16.80 -13.50 -11.50
BO7DITZV(2d,2p)°  -14.20 -13.70 -18.30 -15.40 -13.20
MO6-2X/6-31G(d) -16.24 (-11.34) -1504 (-10.24) -19.76 (-14.12) -1573 (-10.97) -13.64 (-9.23)
MO6-2X/cc-pVDZ -17.40 (-1281) -1592 (-11.40) -21.09 (-1556) -1647 (-12.08) -14.47 (-10.32)
MO6-2X/cc-pVTZ 1492 (-1306) -1405 (-12.24) -1836 (-1619) -14.41 (-12.81) -12.59 (-11.06)

= MO06-2X/TZV(2d,2p)°  -13.80 -13.60 -17.30 -13.70 -12.10
DFT-DITZV(2d,2p)®  -18.40 -16.00 -21.80 -16.90 -14.60
BO7DITZV(2d,2p)°  -19.30 -17.80 -23.30 -18.00 -15.40
MO6-2X/6-31G(d) 1619 (-11.35) -1513 (-10.39) -19.84 (-14.22) -1563 (-10.90) -13.48 (-9.06)
MO6-2X/TZV/(2d,2p)°  -13.80 -13.60 -17.70 -14.00 -12.30

c%0 DFT-D/TZV(2d,2p)®  -19.20 -17.00 -23.00 -17.90 -14.80
BO7DITZV(2d,2p)°  -20.20 -18.50 -24.20 -19.00 -16.30

# from the study of Ramraj et.al. [8] and ® from the study of Antoney and Grimme [9]
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The adsorption of nucleobase analogue anti-cancer drugs

To investigate the adsorption of four nucleobase analogue anti-cancer drugs, F, GC, MP
and TG, the distances between heavy atoms of drugs and carbon atoms of graphene were
calculated and presented in Table. 4.4. At the same time the optimized geometries of the four
anti-cancer drugs with C54 and C96 were shown in Fig. 4.7 and 4.8, respectively. Since the size
of C54 and C96 are large enough for the nucleobase analogue adsorption, observed distances
between drugs and C54 and C96 are quite similar. For example, the distance of F to C54 surface
is 3.22 A while that of F to C96 surface is 3.21 A at M06-2X/6-31G(d). The closest distance to
C54 at the highest level of basis set, cc-pVTZ, was the adsorption of smallest drug, F, around
3.22 A while the longest distance was the adsorption of GC due to the steric hindrance of its
substitute group (3.96 A). The optimized structures of C54/GC and C96/GC reveal that the drug
parallels to graphene surface and points the ribose group out of the surface as shown in Figs. 4.7
and 4.8. This result supports the MD simulations of gemcitabine encapsulation inside SWCNT
from Arsawang, U. and coworker [77] who indicated the close contact of cytosine ring from
gemcitabine instead of its steric ribose group. Moreover, the adsorption of the purine derivatives
(MP and TA) located close to the C54 surface at 3.34 and 3.33A, respectively, at cc-pVVTZ which
were slightly longer around 0.04 A compared with the standard nucleobase A and G.

Table 4.4 The distances (in A) between anti-cancer drug and graphene with M06-2X

C54 C96

6-31G(d) cc-pvDzZ cc-pvVTZ 6-31G(d)

F 3.22 3.22 3.22 3.21
GC 3.94 3.91 3.92 3.94
MP 3.32 3.33 3.34 3.30

TG 3.32 3.32 3.33 3.31
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C54/TG C54/GC
x
C54/MP C54/F

Figure 4.7 Optimized geometries of anti-cancer drug and graphene (C54) complexes in order of
the binding energies (TG > GC > MP > F).

C96/TG C96/GC

o

S Ty

C96/MP C96/F

Figure 4.8 Optimized geometries of anti-cancer drug and graphene (C96) complexes in order of
the binding energies (TG > GC > MP > F).
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Table 4.5. Binding energies (kcal/mol) of analogue anti-cancer drug of nucleobases with different
aromatic compounds represented for graphene sheet. The values in parentheses are the binding

energy with BSSE correction.

method MP GC TG F

M06-2X/6-31G(d) ~ -1551 (-11.32) -18.44 (-12.19) -20.36 (-15.29) -14.80 (-10.23)

C54 MO06-2X/cc-pVDZ  -16.97 (-13.11) -19.56 (-13.18) -20.02 (-16.96) -15.53 (-11.19)

MO6-2X/cc-pVTZ ~ -1454 (-12.98) -16.42 (-13.71) -19.06 (-17.14) -13.42 (-11.44)

C96 MO06-2X/6-31G(d)  -15.34 (-11.21) -17.94 (-11.65) -20.02 (-16.96) -14.36 (-9.34)

From Table. 4.5, the sequence of the binding at all levels of basis sets and all graphene
sizes are in the same sequence, TG > GC > MP > F, where their BSSE correction binding
energies at cc-pVTZ basis set are -17.14, -13.71, -12.98 and -11.44 kcal/mol, respectively. As
expected, the smallest anti-cancer drug, F, has smallest binding energy when compared to drugs
with larger aromatic group, i.e., purine base analogues (MP and TG). Note that the binding
energy of F and standard nucleobases, T and U, is in the sequence of T > F > U at all levels of
calculation. This implies that the strength of substitute group in pyrimidine based on the binding
with graphene is in the order of CHs; > F > H. Moreover, the large substitute group of GC was
found to destabilize in the adsorption with graphene as shown by the higher binding energy

around 1 kcal/mol compared to its standard nucleobase C.

In case of the TG, the adsorption of purine with the thione group gives the highest
interaction energy (-17.14 kcal/mol at cc-pVTZ basis set with BSSE correction) which is higher
than the standard base G around 1 kcal/mol. The result implies that the thioketo functional group
binds with graphene stronger than the ketone group. For MP, the binding energy calculation with

BSSE correction is quite similar to its standard nucleobase, A, (differ by less than 1 kcal/mol)
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suggesting that the effect of thiol group is quite similar with amine group in the binding
interaction with graphene. Moreover, the tautomer of MP and TG were also investigated in the
thiol and thione conformation and present the optimized geometries in Fig. 4.14. The thione
tautomer of both MP and TG form a more stable complex with graphene than their thiol
conformations at all levels of theory, as shown details in Table. 4.6. From these results, it can be
noted that larger aromatic conjugated of the drug can promotes its binding stability with
graphene.

Table 4.6. Binding energies (kcal/mol) of tautomer (in thiol and thione conformations) of MP and
TG. The values in parentheses are the binding energies with BSSE correction.

method / . . .
MP (thiol) MP (thione) TG (thiol) TG (thione)

M06-2X/6-31G(d) ~ -1551 (-11.32) -16.79 (-12.60) -18.34 (-13.21) -20.36 (-15.29)
C54 MO6-2X/cc-pVDZ 1697 (-13.11) -1829 (-14.29) -20.09 (-15.10) -20.02 (-16.96)

MO6-2X/cc-pVTZ ~ -1454 (-12.98) -16.03 (-14.45) -17.09 (-14.87) -19.06 (-17.14)

(@) oF
C54/Thione-TG C54/Thiol-TG

@) o=
C54/Thione-MP C54/Thiol-MP

Figure 4.9 Optimized geometries of MP and TG tautomers in thione and thiol conformations.
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4.2 Investigation of the orientation of doxorubicin over graphene

(a) Doxorubicin (b) Protonated Doxorubicin

Figure 4.10 The structures of neutral and positively charged doxorubicins with labels of aromatic
ring system (A), hydroxyl group (O) and amine group (N).

From the geometry optimization of 500 complexes different drug orientation over
graphene, the distance from graphene to the aromatic ring system (A), the hydroxyl group (O)
and the amine group (N), as labelled in Fig. 4.10(a), of all 500 complexes denoted as d(Graphene-
A), d(Graphene-0) and d(Graphene-N), respectively, are calculated. The plots of d(Graphene-A)
versus d(Graphene-N) as well as d(Graphene-A) versus d(Graphene-O), Figs. 4.11(a-b),
respectively, show that the interaction energies of all 500 complexes are in the range of -10 to -70
kcal/mol. In addition, complexes with distance d(Graphene-A) around 3.5 A are more stable than
other conformation suggested by their interaction energies of -70 to -60 kcal/mol. To evaluate the
orientation of the doxorubicin, the four complexes are selected and labelled as 1, 2, 3 and 4 as
illustrated in Fig. 4.11. It is clearly seen that complexes with the drug in parallel to graphene
surface (complex land 2) are more stable than the others. Therefore, this implies that the n-nt
interaction is more important than electrostatic effect from heteroatoms in the binding between

neutral doxorubicin and graphene.
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To confirm this hypothesis, the interaction energies are decomposed into electrostatic and
vdW as presented in the z axis of Fig.4.12. It can be recognized from the plots that the vdW
interaction energies, INT(V) are in the range of -10 to -70 kcal/mol which are larger than
interaction energies from electronic term, INT(E), that are in the range of -2 to 1.5 kcal/mol.
Hence, all data indicate that the binding between aromatic anti-cancer drug mainly comes from

dispersion interaction as shown in the high amount of vdW energies.
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Figure 4.12 (a)-(b) Electronic, INT(E), and (c)-(d), van der Waals (vdW) energies in kcal/mol

from the binding of doxorubicin and graphene in relation with d(Graphene-A) and d(Graphene-N)

and d(Graphene-A) and d(Graphene-N), respectively.
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Because the approximated pKa of doxorubicin amino group is 7.6 [95], this amino group
can be protonated in pure water condition as presented the positively charged structure in Fig.
4.10(b). To investigate the adsorption of the protonated doxorubicin over graphene, 500
complexes of protonated doxorubicins were generated and optimized by using DFTB-D in the
same manner with the adsorption of the neutral form. The d(Graphene-A), d(Graphene-O) and
d(Graphene-N) of each complex are calculated and plotted in Fig. 4.13. The pattern of the
d(Graphene-N) versus the d(Graphene-A) is quite similar with the results from neutral
doxorubicin adsorption in which the drug lined it aromatic conjugation parallel to graphene
surface is more stable than the other positions as shown in Fig. 4.13(a). Moreover, the complex
with positively charged amino group located close to graphene surface and the aromatic ring
parallel to the surface is more stable than other conformation. For example, both of the complex 1
and 2 in Fig. 4.13 are parallel with graphene surface but the complex 1 having protonated amino
group closer to graphene surface is more stable indicating the effect of cation-m interaction from
protonated amino group. When the drug did not line parallel to graphene surface the binding
energy is not favour even the protonated amino group is closer to the graphene like the complex 3
in Fig. 4.13. Because of the influence from cation-mt interaction between the protonated group and
graphene, the lowest interaction energy of protonated doxorubicin (-81.43 kcal/mol) is lower than
that of the neutral drug (-66.30 kcal/mol). However, the effect from cation-mt interaction is not
strong as the m-mt interaction since the binding energy decomposition in Fig. 4.14 reveals that the
INT(V) is lower than INT(E). Additionally, the effect of doxorubicin hydroxyl group has not
strongly impacted on the binding of the drug with graphene suggesting from non-pattern of INT
(E) in Fig. 4.14(c) compared to total INT in Fig.4.13(b). The obtained data of the binding of both

neutral and positively charged doxorubicin with graphene disclose that binding of drug or guest
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molecule with graphene do not only depend on the r-it interaction between aromatic conjugated

of the two molecules but the charge of guest molecule also influence the stability of the complex.
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Figure 4.13 The 2D interaction (INT) energy plot of (a) distance from graphene to A and N, (b)
distance from graphene to A and O with the representative complexes labelled as 1, 2, 3 and 4 in

the complex between positively charged doxorubicin and graphene.
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Figure 4.14 (a)-(b) Electronic, INT(E), and (c)-(d), van der Waals (vdW) energies in kcal/mol

from the binding of positively charged doxorubicin and graphene in relation with d(Graphene-A)

and d(Graphene-N) and d(Graphene-A) and d(Graphene-N), respectively.
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4.3 Gemcitabine anti-cancer drug loading capacity of carbon nanotube

The molecular properties of gemcitabines varied from one to six molecules inside

SWCNT cavity were investigated by classical MD simulation for 10 ns.
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Figure 4.15 Displacement of the center of drug gravity,p(Cg), projected to the YZ plane in the
six studied systems: (a) 1-GEMZAR, (b) 2-GEMZAR, (c) 3-GEMZAR, (d) 4-GEMZAR, (e) 5-
GEMZAR and (f) 6-GEMZAR. The representative structures taken from the last snapshot of each
system are also shown schematically.

After MD simulation of the six systems with different drug amounts, all the drug
molecules still encapsulated inside the SWCNT cavity due to the partial n-n interactions between
gemcitabine molecules and the SWCNT [77]. The density plots of drug center gravity, p(Cg),
projected to the YZ plane are shown in Figs. 4.15(a-f) for i-GEMZAR systems where i = 1-6,
where the gemcitabine molecules 1-6 (drug#1, drug#2, drug#3, drug#4, drug#5 and drug#6) are
denoted by red, black, blue, cyan, green and pink, respectively. Among the six systems, only the
drug positions in the 1-GEMZAR and 2-GEMZAR systems located throughout the tube cylinder
as can be seen by the dispersion of red and black dots in Figs. 4.15a and 4.15b. For the systems

with high loaded gemcitabine (3-, 4-, 5- and 6- GEMZAR), the drug molecules were found in a
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limited space, see Figs. 4.15(c-f). These density plots suggest that the gemcitabine molecules
favored to locate close to each other. Therefore, interactions among drug molecules were

important in the drug displacement inside the SWCNT cavity.

Interaction between gemcitabine and SWCNT

Since both gemcitabine and SWCNT transporter contain aromatic rings, then, n-n
stacking interactions are expected to be established between the cytosine ring of gemcitabine and
the SWCNT inner wall surface. To understand the characteristics of this interaction in each
system, the distribution of distances measured from the tube surface to the C® and N* atoms of all
drugs, d(C°®) and d(N"), were calculated and are plotted in Fig. 4.16. The narrow distributions of
d(C®) and d(N"), with the most probable distances at 3.6 and 4.5 A, respectively, together with a
minimum and maximum variation of only ~0.5 A, were found in the 1-GEMZAR (Fig. 4.16a).
Without the effect from other drugs, the d(C° and d(N') values obtained in the 1-GEMZAR
system were considered as a reference location for discussion with the other systems (1- to 6-
GEMZAR). The most probable angle, 6, between the vector lining from C°- to N'-cysteine atoms
of gemcitabine and the SWCNT vector from the parallel orientation to the inner surface of the
SWCNT was 19° (see schematic in Fig. 4.16 for definition). This data implied that gemcitabine
arranges its cytosine ring in line with a parallel-displaced conformation to the SWCNT surface,
while the five-membered ring was pointed to the tube center to avoid steric effects. The d(C°
value in 1-GEMZAR was in good agreement with the related distance between the cytosine and
benzene rings of 3.5 A obtained from the MD simulations using the MP2 level of theory (dashed
line in Fig. 4.16) [96]. In the case of the systems containing higher gemcitabine loadings, the
most frequent finding for the location of d(C°) was within the same range, ~3.6-3.7 A, but with a
broader peak starting at the equivalent distance of 3.1 A but ending at longer distance by > 1.0 A.

However, a different situation was observed for the d(N*) distribution with a rather broad and
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more than one peak falling in the range of ~3.9-6.2 A for the 2-, 3- and 5- GEMZAR systems and

~3.3-6.0 A for the 4- and 6- GEMZAR systems.
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Figure 4.16 (Top) Schematic representation of the distances from the SWCNT surface to the C°
and N* atoms of gemcitabine, d(C® and d(N"), and the estimated angle, ©, between the SWCNT
vector from the C° to N* atoms of gemcitabine and the SWCNT parallel to inner surface. (Below)

Distribution plot of the distances, d(C°) and d(N"), collected during the entire simulation period
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are shown as black and grey lines, respectively, where the dashed line represents the d(C°) from

the MP2/6-31G(d) optimization [96].

Therefore, a higher level of © fluctuation was a consequence of the presence of more
than one gemcitabine molecule per SWCNT compared to that in 1-GEMZAR. This suggests the
reduced strength of 7-n stacking interactions between gemcitabine molecules and the SWCNT
inner surface. In other words, the results clearly demonstrated that the loading of multiple
encapsulated gemcitabine molecules inside each SWCNT decreased the drug binding interaction

to its transporter.

Drug localization and interaction

Based on reference value of distance in cytosine pair, d(Cr-Cr;), of 4.3 A [96], the five
systems with number of gemcitabine >1 inside SWCNT can be classified into two groups. The
first group (low drug loading) contained the 2-, 3- and 4- GEMZAR systems while the second
high drug loading group was consisted of the 5- and 6- GEMZAR systems. For systems with a
low drug uptake (less than ~21% wi/v), the sharp and narrow peak of d(Cr-Cr;) with the most
probable distance of 3.8-3.9 A was considerably shorter than the reference value, as shown in Fig.
4.17(a-c). This indicates strong binding of the drug pair in which their cytosine rings oriented in a
parallel-displace arrangement. Moreover, a few weak hydrogen bonds with an occupation
percentage of <50% among drug molecules were found in these systems, as revealed in Fig.
4.17(f-h). A different situation occurred in a high drug uptake in the SWCNT hollow (5-
GEMZAR and 6-GEMZAR), where the close contact between the gemcitabine molecules
enhanced electrostatic interactions through strong hydrogen bonds, Fig. 4.17(d-e),while the n-r
interaction between drug molecules cannot be recognized, shown as long d(Cr;-Cr;) in Fig. 4.17(i-

J). Hence, the staying in couple and keeping close to other drug molecules demonstrate that both
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partial 7m-m interactions from cytosine rings and hydrogen bond interactions among drug

themselves is an important factor in the localization of gemcitabines inside SWCNT.
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Figure 4.17 (Left) Probability of the averaged distances between the centers of the aromatic

cytosine rings, P(Cri-Cr;), of the i-GEMZAR system where i is 2-6 in (a)-(e), respectively. The

experimental d[Cr;-Cr;] of 4.3 A [96] is shown by the dashed line. (Right) Percent occupations of

H-bond formation among drug molecules of the corresponding i-GEMZAR system where i is 2-6

are shown in (f)-(j), respectively.
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4.4 The effect from length of chitosan linker to the conformation of EGF
in targeted DDS

The results from REMD simulations of two systems different in number of chitosan units
in the temperature range 300-455 K were discussed in term of energy surface, chitosan
orientation and EGF conformation to evaluate the effect of chitosan length.

1. Energy surfaces

The two dimensional (2D) free-energy surfaces at the lowest temperature, 300 K, of the
EGF/30CS/SWCNT/Gemzar and EGF/60CS/SWCNT/Gemzar systems are illustrated in Figs.
4.18a and 4.18b, respectively. The free-energies were calculated as a function of two order
parameters, F(x, y), as shown in Eq. 4.1:

F(x,y) = —kgTlogP(x,y). 4.2)

Here x is the distance between the centers of gravity of EGF and CNT, d[Cg(EGF)-Cg(CNT)],
while y is the distance between the centers of gravity of the first and the last chitosan units for
EGF/30CS/SWCNT/Gemzar and EGF/60CS/SWCNT/Gemzar, d[Cg(*'CS)-Cg(**"CS)], and
d[Cg(*'CS)-Cg(*™™CS)], respectively. Boltzmann constant is kg while T is the temperature (K)

and P(x, y) is the probability of x, y parameter distribution.

For the EGF/30CS/SWCNT/Gemzar DDS, the potential energy surfaces calculated from
REMD simulations with ff96/igh1 and f96/igh5 shown in Figs. 4.18al and 4.18b1 are nearly in
the same pattern: (i) the global minimum with the highest probability of finding located in a range
of (17-22 A, 17-22 A) and (18-23A, 13-18 A); and (ii) the local minimum with the secondary
probability of finding at (14-15 A, 35-36 A) and (15-18A, 25-26A). Meanwhile, the global
minimum from ff03/igh5 result is positioned at (13-16 A, 13-16 A) with the four noticeable local

minima (Fig. 4.18c1). Interestingly, all three simulations indicated that 30CS chain enfolded
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tightly around the SWCNT pulling the EGF closer to center of the SWCNT as shown in Figs.
4.19a1-4.19c1. Although the distance between the two chitosan ends, d[Cg(*'CS)-Cg(**"CS)], at
initial state was 79 A, the length dramatically shortened to be < 25 A in all global minimum
structures which is significantly less than the SWCNT length (34 A). This implies that the 30
chitosan units were insufficient to cover the entire surface of the studied tube. On the other hands,
the shortened d[Cg(EGF)—Cg(CNT)] at the global minimum structure referred that the EGF was

forced to locate closer to the tube due to the tightly enfolded 30CS chain.

At the initial structure of EGF/60CS/SWCNT/Gemzar DDS, the d[Cg(EGF)—Cg(CNT)] was
91 A while the d[Cg(*'CS)-Cg(*™CS)] was 85 A. Although the energy surface for the three
simulations are likely different, the structure at global minimum obtained from the simulations
with ff96/igh1 and ff96/igh5 was located nearly the same location at (48-53 A, 67-75 A in Fig.
4.18a2) and (50-55 A, 73-77 A in Fig. 4.18b2). In case of the simulation with ff03/igh5 (Fig.
4.18c?2), the global minimum structure was placed at decreased d[Cg(**'CS)-Cg(**"CS)] of 55-63
A while the d[Cg(EGF)—Cg(CNT)] was almost equal to that of the previous two systems (45-55
A). It is a worth to note that the d[Cg(*'CS)-Cg(**"CS)] of all global minimum structures was
dramatically longer than the SWCNT length (34 A), and thus it was completely wrapped over the
tube surface, Figs. 4.19(a2-c2). In addition, the d[Cg(EGF)—Cg(CNT)] values, 38-85 A, of all
simulated structures of the 60CS system, Figs. 4.18(a2-c2), were higher than a half tube length
(17 A) suggesting that EGF did not lay on tube surface, Figs. 4.19(a2-c2), in contrast to those of

the 30CS system, 10-33 A, Figs. 4.18(al-c1) and Figs. 4.19(al-c1).
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Figure 4.18 The 2D free-energy surfaces of the EGF/30CS/SWCNT/Gemzar and
EGF/60CS/SWCNT/Gemzar DDSs at 300 K from REMD simulations with ff96/igbl, ff96/igh5

and ff03/igb5.
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Figure 4.19 Representative schematic view for the global minimum structure of each REMD

simulations with ff96/igb1, ff96/igb5 and ff03/igh5.

Chitosan orientation

At the initial state (Fig. 3.3 in page 23), only the first 10 chitosan units of the two DDS
models (EGF/30CS/SWCNT/Gemzar and EGF/60CS/SWCNT/Gemzar DDSs) were freely
situated outside the SWOCNT surface, while the other 20 and 50 wunits in the
EGF/30CS/SWCNT/Gemzar and EGF/60CS/SWCNT/Gemzar DDSs, respectively, were spirally

enfolded around the SWCNT outer surface. After REMD simulations, the first 10 chitosan units



55

in the EGF/30CS/SWCNT/Gemzar system at 300 K moved to enfolding around SWCNT. As a
result, all 30 chitosan units completely wrapped over SWCNT surface. Contrastingly, the first 10
chitosan units of EGF/60CS/SWCNT/Gemzar DDS are still located outside SWCNT surface
while other 50 chitosan units, from 11th to 60th numbering of 60CS entirely wrapped around the

SWCNT surface all the time, as shown in Fig. 4.20(c-d).
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Figure 4.20 Schematic views of the d,[Cg(1"'CS)-Cg(30"CS)] in the global minimum structure of
the EGF/30CS/SWCNT/Gemzar DDS at (a) 300 and (b) 455 K, and the d,[“%(11thCS)-
Cg(60™CS)] in the global minimum structure of the EGF/60CS/SWCNT/Gemzar DDS at (c) 300
and (d) 455 K.

EGF conformation

To explore the effect of chitosan length to EGF conformation in two DDS systems, the
secondary structures of EGF were investigated by using the DSSP algorithm [97] and presented
in Fig. 4.21 with plots of p-sheet formational probability of each residue. Three implicit solvation

sets, i.e., ff96/ighl, ff96/igh5 and ff03/igh5, were also applied to compare the effect of
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solvation model. Note that the s-sheet in the B-loop of EGF is significant for binding with EGFR
[98]. According to the EGF crystal structure, the two major f-sheet formations locate at residues
V19-123 and K28-N32 while the other place nearby N terminal (S4-E5 and Y13-C14) and C

terminal (Y37-138 and Y44-R45) of the protein chain.
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For EGF/30CS/SWCNT/Gemzar DDS, the S-sheet formation at V19-123 and K28-N32 is
observed with 0.70 probability after REMD simulations using ff96/igb5 and ff03/ igh5 solvation
models while the probability reduces noticeably in the simulation with ff96/ighb1, shown as grey
dash line in Figs. 4.21(a3-c3). In the EGF/60CS/SWCNT/Gemzar DDS, the major S-sheet regions
firmly stable in the range of 0.70, 0.98 and 0.97 for the simulations with ff96/igb1, ff96/igh5 and
ff03/igb5 as represented in red color in Figs. 4.21 (a2-c2) and black lines in Figs. 4.21 (a3-c3). In
comparison with the EGF crystal structure, the preservation of S-sheets in residues V19-123 and
K28-N32 at the B-loop in EGF/60CS/SWCNT/Gemzar DDS systems is in agreement with the
previous REMD simulation on pristine EGF [99]. Hence, the secondary structures of EGF is
properly conserved only in the EGF/60CS/SWCNT/Gemzar DDS in which chitosan chain were

long enough to wrap over SWCNT length.

(b)

EGF/30CS/SWCNT/Gemzar EGF/60CS/SWCNT/Gemzar

Figure 4.22 Superimposition on the EGF structures between the global minimum (blue) of (a)
the EGF/30CS/SWCNT/Gemzar and (b) EGF/60CS/SWCNT/Gemzar DDSs and the co-crystal

structure of EGF (pink)-EGFR (green).
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From secondary structure analysis, EGF in EGF/30CS/SWCNT/Gemzar is not suitable to
be effective DDS because the deformation of EGF secondary structure may affect to the binding
with its receptor, EGFR. To evaluate the effect of chitosan length in DDS to the binding with
EGFR, the global minimum structures of the DDS with 30 and 60 chitosan units obtained from
the simulation with ff03/igh5 were superimposed on the crystal structure of the EGF-EGFR
complex (pdb code INQL). It can be seen that only the EGF/60CS/SWCNT/Gemzar DDS was
able to bind with EGFR without steric effects from SWCNT because EGF in this system was well
aligned to the crystal EGF while the rest components of the DDS model are located outside the
protein-protein binding region (Fig. 4.22b). Contrastingly, steric hindrance and undersigned
contact between the SWCNT transporter of the EGF/30CS/SWCNT/Gemzar DDS and the EGFR
were found (Fig. 4.22a) although there were 10 free chitosan units left outside the SWCNT
surface to prevent such steric hindrance in the initial structure (Fig. 3.3a). In order to avoid the
steric effect in the binding of EGF-EGFR (on cancer cells), the ratio of chitosan MW per
SWCNT surface area should be larger than 9.9 x 107 kg/m?, based upon the MW of 50 units of
single layer chitosan per outer surface area of SWCNT with 14 A in diameter and 34 A in length

in the present study.

Gemcitabine orientation

The displacement of gemcitabine drug inside SWCNT cavity at different temperatures for
the two systems are explored in terms of the distance between center of gravity of gemcitabine
and SWCNT surface, d[CNTsurface-Cg(drug)], as shown in Fig.10. Along REMD simulation in
all temperatures, the gemcitabine always locates inside the SWCNT cavity with the distance in
the range of -4.4 A to -45 A for both systems. Note that the negative charge of the
d[CNTsurface-Cg(drug)] refers to its location inside the tube cavity. This distances are

considerably shorter than that of the previous classical MD study on gemcitabine inside the
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pristine SWCNT (4.7 A) [77]. Therefore, the partial m-n interaction between cytosine ring of
gemcitabine and surface of SWCNT can be formed. The average distances from the two systems
at all temperatures are almost equal suggesting that the length of wrapped chitosan chain outside

SWCNT surface did not involve the movement of drug inside the cavity.

— EGF/30CHICNT/Drug =
: 43 — EGF/60CHI/CNT/Drug Rropability
=)
S
S
S
>
O 441
)
8
h=
3 -4.5-
7]
'—
P4
2
© 46

300 330 360 390 420 450

Temperature, K
Figure 4.23. Temperature dependence of the distance between the center of gravity of
gemcitabine and the SWCNT surface, d[CNTsurface-Cg(drug)]. The standard deviations are

shown as vertical bars.



60

4.5 Binding interaction of targeted DDS with EGFR of cancer cell

The tether form of EGFR was selected to represent the inactive form of EGFR to
investigate the binding interaction between EGF and EGFR. The MD simulations of two binding
systems of EGF and EGFR with and without the presence of DDS, i.e., EGFReEGF and
EGFReEGF-CS-SWCNT-Drug, were performed for 50 ns. To investigate the binding interaction
of EGF and EGFR, the two systems were analyzed in terms of structure and energy.

System stability
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Figure 4.24 RMSDs relative to their initial structures for all heavy atoms in drug (brown),
SWCNT (grey), chitosan, (light green) EGF (orange) and EGFR I-1V domains (blue, cyan, green
and pink) for the EGFReEGF and EGFReEGF-CS-SWCNT-Drug systems.

To verify the stabilities of the two simulations, the root mean square displacement
(RMSD) of all heavy atoms over the 50 ns MD simulation reverenced to their starting structures
were plotted versus simulation time. The RMSDs of all fragments were given in the top row of

Fig. 4.24, while those of EGFR four domains, domain I-1V, were separately displayed in bottom
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of the same figure. Considering the EGFR protein, the RMSDs of the domain Il (cyan) and IV
(pink) of the three systems are relatively higher than those of domain I (blue) and Il (green) that
have RMSD value of 1A . This is a consequence of the fact that domains I and 111 of EGFR form
the stable six-turn right-hand # helix with hydrogen bonds between each stands, whilst domains 11
and IV are cysteine-rich domains having more degree of freedom from small disulfide bonds
[32,45,100]. Although there were various different mixtures among the two studied systems, all
systems reach their equilibrium state after 30 ns of MD simulation. Hence, the MD trajectories

extracted from the 31-50 ns of simulations time were used for further analysis.

Intermolecular interaction of EGFR and EGF

1. EGF in the pocket of EGFR

To examine the position of EGF in the binding pocket (between domain | and domain
1) of EGFR, the distance from the N terminal of EGF to domain | and domain Ill, named d(N-
domain 1) and d(N-domain III), as well as the distance from C terminal to domain | and domain
Il of EGFR noted as d(C-domain I) and d(C-domain Ill), were plotted in Fig. 4.25.

In the pristine protein complex, EGFReEGF, the d(N-domain 1) and d(C-Domain 1) are
almost stable at 25 and 20 A, respectively, while d(C-Domain I11) was decreased from 31 A to 14
A after 30 ns of MD simulation and d(N-Domain 111) fluctuated around 23-35 A as shown in
Fig.4.25a. This implies that the EGF in EGFReEGF system moved a little bit closer to domain IlI
while it kept contact with domain | of EGFR at the same time. The obtained results are in well
agreement with the experimental study of ligand-induced dimerization process of EGFR [101].
For the system where chitosan acts as a linker between SWCNT and EGF, the d(N-Domain I) and
d(C-Domain 1) firmly stay around 21 and 25 A, respectively, while d(N-Domain 111) and d(C-

Domain 111) are of 27 and 6 A, respectively as presented in Fig. 4.25(b). The dramatically shorten
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of d(N-Domainlll), as shown in green line in Fig. 4.25(b), suggests the close contact of EGF to

domain Il of EGFR.
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Figure 4.25 (Top) Schematic views of the last snapshots of (a) EGFReEGF and (b) EGFReEGF-
CS-SWCNT-Drug systems. (Bottom) data plots of distances from end terminals of EGF to
domain | and domain 111 of EGFR.

2. H-bond analysis

To insight into intermolecular interactions of EGFR and EGF, the percentages of
hydrogen bond (H-bond) occupations between the two proteins in all two systems are

summarized in Fig. 4.26.
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Figure 4.26 Percentage occupation of H-bond between EGFR and EGF of (a) EGFReEGF and

(b) EGFReEGF-CS-SWCNT-Drug systems. The asterisk masks are denoted as hydrogen bond in

the x-ray structure (PDB code: 1INQL).

For EGFReEGF system, see Fig. 4.26(a), the intermolecular H-bonds between EGF and
EGFR are not only occurred in domain | region which includes 4 H-bonds from the starting x-ray
structure, (O)E40...(OG1)T15, (0)C31...(N)Q16, (N)C33...(0)Q16 and (NZ)K28...(OE2)E90
masked as asterisk in x axis of Fig. 4.26, but there are other H-bond formations in domain Il as
well. This implies that EGF moves closer to domain Il and forms week H-bond with domain 11
and 111 of EGFR which is good agreement with the distance analysis from the previous section.

In the EGFReEGF-CS-SWCNT-Drug system, the pattern of H-bond formation is almost
the same as the EGFReEGF system in which the H-bond occupation from EGF to domain | and

domain 11l of EGFR were observed, shown in Fig. 4.26(b). Additionally, H-bonds between EGF
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and domain Ill of EGFR were observed, i.e., (O)N1...(ND1)H334, (OD2)D3...(NZ)K336 and
(ND2)D3...(OD2)N337, as well as those with domain Il of EGFR, i.e., OH (OH)Y44...(0)C287,
even the H-bond between R45 and E320 was not observed like in EGFReEGF system.

The results from H-bond analysis confirm that there are interactions between EGF and
domain | and domain Il both in EGFReEGF and EGFReEGF-CS-SWCNT-Drug systems.
Moreover, the patterns of the two systems are similarly suggesting that the binding efficiency of

EGFR and EGF even EGF is coordinated with chitosan linker in DDS system.

3. Secondary structure analysis

The secondary structure of EGF and EGFR during 30-50 ns of MD simulations are
analyzed by DSSP algorithm [97] to examine the conformation of the two proteins. It is clearly
seen that the secondary structure of EGF in EGFReEGF-CS-SWCNT-Drug is very identical with
the crystal structure in which all six g-sheets from initial structure, S4-E5, Y13-C14, V19-123,
K28-N32, Y37-138 and Y44-R45, were preserved as displayed as red color in Fig. 4.27(b).
Therefore, the main secondary structures of EGF from the two systems were almost identical with

the crystal structure.
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Figure 4.27 Secondary structure analysis of EGF in () EGFReEGF and (b) EGFReEGF-CS-
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Figure 4.28 Secondary structure analysis of EGFR in (a) EGFReEGF and (b) EGFReEGF-CS-

SWCNT-Drug systems.

The secondary structures of EGFR and percentage of fg-sheet and a-helix of all 612

residues of EGFR are plotted in Fig. 4.28 and 4.29, respectively, where EGFR in the two studied

systems appears to have similar secondary structure pattern except those in domain Il region

while B-sheet formation at 300-303 and 293-295 only observed in EGFReEGF-CS-SWCNT-

Drug. This implies that the DDS system did not interrupt the binding with EGFR because the
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EGFR secondary structures in the binding complex with EGF and EGF-CS-SWCNT-Drug are

very identical.

(a1) (b1)

1004 100+ ﬂ
= 80 x 80

60 © 60
2 £
P 40 © 40
8 5
o 201[ T 201
5 o ILLIEM AL S 0 ! |
0] a2 @ b2
g 100{ ¢ & 10007
S 80 o 807
o 2]
E 60 & 60 T
o

40 401

20h 20 1

0 - 0 — 1 -
0 150 300 450 800 0 150 300 450 600
Residue number Residue number

Figure 4.29 Percentage of S-sheets and a-helix formation of EGFReEGF and EGFReEGF-CS-

SWCNT-Drug systems.

4. Binding enerqy analysis

The binding between EGFR and EGF in EGFReEGF and EGFReEGF-CS-SWCNT-Drug
are calculated by MM/PBSA procedure which is successfully applied to several studies
[77,102,103]. The obtained binding energies of the two systems are in the sequence of
EGFReEGF-CS-SWCNT-Drug > EGFReEGF as shown details in Table. 4.7. When consider
only EGF as ligand the binding energy is found to be closer with that obtained from wild type
EGFReEGF. Interestingly, when use the whole DDDS system as ligand is used, EGF-CS-
SWCNT-Drug, the binding energy increases to -78.1 kcal/mol as shown in Table. 4.7. The
outstanding binding energies in EGFReEGF-CS-SWCNT-Drug systems over EGFReEGF may

result from the influence of chitosan in EGFReEGF-CS-SWCNT-Drug system.
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Table 4.7 The binding energies (in kcal/mol) between EGFR and pristine EGF as well as EGF in

DDS systems
EGFRe EGF-CS-SWCNT-Drug
EGFReEGF
EGF as ligand EGF-CS-SWCNT-Drug as
ligand
AE,, -78.3+44.4 -264.0 +54.1 -375.6 + 56.7
AE, -84.1+6.3 -101.2 +11.6 -171.0+ 115
AE, -162.4 +42.3 -365.2 +54.5 -546.6 + 55.3
AGHo -13.8+0.8 -17.3 £1.3 -29.1+1.2
AGZ: 125.6 +38.4 330.2 +476 497.6 £54.3
AG,,, 111.8+38.3 312.9 +47.0 468.5 £53.7
AGS® + AE,, 473+9.4 66.2 +10.3 122.0+£96
AGI™ L AE 4 -98.8+7.2 -118.4 +12.8 -200.2 +12.7
AGying -50.6+7.6 -52.3+11.2 -78.1+11.4
(a) EGFR-EGF (b) EGFR-EGF-CS-SWCNT-Drug
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Figure 4.30 Energy decomposition of (a) EGFReEGF and (b) EGFReEGF-CS-SWCNT-Drug

systems.

To confirm the contribution of components in DDS conjugated EGF to the binding
interaction with EGFR, energy decompositions of the two systems are calculated by using DC

module of MM/PBSA. The contribution of each sequence number is presented in Fig. 4.30. In
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EGFReEGF complex, the binding energy between EGFR and EGF comes from residue E3 to S99
of domain | and residue E320 of domain Il in EGFR with residue 632-665 (H10 -R53) of EGF.
In EGFReEGF-CS-SWCNT-Drug, there are many residues in domain | (residue 1-615) and
especially domain Il (residue 310-481) contributing to the binding with EGF more than those
observed in the wild type systems. Besides, the main contributions of binding energies did not
only come from of EGFR (residue 1-612) and most residues of EGF (613-665) but from the first
10 units of chitosan chain (residue 666-675) that exist freely outside SWCNT surface and also
stabilizes the binding with EGFR. For that reason, the stabilities of EGFR and DDS conjugated
EGF complexes come from both of interaction among proteins themselves (EGF and EGFR) and
DDS component (chitosan and SWCNT). In conclusion, all the results confirm that the EGF in
conjugate with DDS in EGFReEGF-CS-SWCNT-Drug have similar binding pattern with the wild
type complex of EGF and EGFR. Thus, the EGF-CS-SWCNT-Drug can be a successful candidate

for target DDS system for cancer therapy.



CHAPTER YV
CONCLUSION

In the present study, computational techniques have been applied to understand the
interaction of anti-cancer drugs with carbon nanomaterials carrier as well as the interaction of the
targeted DDS to the binding with receptor of cancer cell. The scope of the study is divided into
five parts, i.e., i) Investigation of the arrangement of doxorubicin over graphene, ii) hon-covalent
interaction of nucleic acid analogue anti-cancer drug with graphene, iii) gemcitabine anti-cancer
drug loading capacity in carbon nanotube cavity, iv) the effect of chitosan length in targeted DDS

and, v) the last one, binding of targeted DDS to the receptor of cancer cell.

For the first two parts, DFTB and DFT calculations of the interactions between anti-
cancer drugs and graphene showed that the drug orienting parallel to aromatic surface plane of
graphene stabilized the n-n stacking interaction. In addition, larger aromatic system of the drug

leaded to higher stability of the complexes.

In the third part, the MD simulations of various numbers of gemcitabine anti-cancer
drugs inside CNT were performed to evaluate the capacity of drug loading inside CNT, The
results suggest that both m-m stacking interaction between the aromatic cytosine ring of
gemcitabine and interactions among drugs themselves influence the drug orientations inside CNT
cavities. The results from the first three parts confirm that CNT and graphene can be served as a

proper carrier for anti-cancer drug containing aromatic conjugates.

For the fourth session, the conformation of the two DDS system different in length (30 or
60 units length) of wrapped chitosan over CNT have been performed by REMD simulations at

temperatures ranging from 300 to 455 K. The results point out that a close packing of chitosan
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orbit around the SWCNT in the system with short chitosan length, EGF/30CS/SWCNT/Gemzar
DDS imposed EGF to relocate close to the tube surface, and thus, the steric hindrance induced by
chitosan and the SWCNT may block the binding of EGF onto the EGFR. Therefore, chitosan
chain wrapped around the SWCNT should be long enough to cover the entire SWCNT surface.

In the last part, the binding of DDS contained EGF as targeting agent with receptor of
cancer cell, EGFR, has been explored by using classic MD simulation. The result is in agreement
with the REMD simulation in which EGF connected to SWCNT via 60 units chitosan chain is a
good candidate for targeted DDS, due to the binding of EGF with EGFR was not interrupted by
DDS components and the behavior of EGF in this DDS system is similar with pristine EGF in
term of binding affinity with EGFR.

Taken altogether, all the results from several computational techniques confirm that
carbon nanomaterials such as graphene and SWCNT can be used as anti-cancer drug carriers and
can be modified to increasing specificity toward cancer cell by attaching with targeting agent.
Furthermore, the DDS based on CNT can be designed to prevent the steric effect to the binding
with cancer cell receptor by using appropriated length of chitosan linker. The obtained results
fulfill not only the better understanding of DDS but also worthwhile to the design of successful

targeted DDS in the near future.
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