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ABSTACT

Ever since their discovery, carbon nanotubes (CNTs) have grabbed attention of the researchers
from different fields of science and industry. In fact, their excellent physicochemical properties
together with an ability to cross biological membranes provide innumerable possibilities for
diverse applications, including biomedical and pharmacological applications. Surface
modification of CNTs by biological molecules will create a new series of bioactive nanotubes
which will lead to the direction of specific cell targeting. The main principles of CNT
interactions with biological interfaces are still under active investigation. Experimental data
suggest various ways of CNT surface modification, as well as, their pathways of internalization
through the cellular membrane. Nowadays, the availability of both large computational resources
and powerful computational methods, as Molecular Dynamics (MD) simulation, provides an

opportunity to study these interactions at atomic level with high order of accuracy.

The goal of the research work for this thesis is the multi-scale simulation study of CNTs
with various biological interfaces. Initially, the study of the CNT coating mechanism by
surfactants at both atomistic and coarse-grained levels has been carried out. Linear polymeric
ether — based surfactants are known to coat the surface of the nanotubes and, thus, make them
soluble in water. In this simulation study the distribution of the polymers of different length
around CNT, as well as, the numbers of aggregated chains are found to be compatible with
experimental data results. Further, investigation of the orientation and aspect ratio dependent
interaction of CNT bundles with the DPPC lipid bilayer has been performed by a recently
developed MD-SCF approach. The simulations have provided a molecular model of the
perturbation in the structure of the lipids bilayer induced by the CNT bundles insertion process.
The results have shown that strong perturbations occur only when the CNT bundles are oriented
perpendicularly respect to the bilayer plane. The pore formation has also been observed with the

longest CNT bundle.

Finally, the atomistic MD simulations have been performed to study the structural
behavior of antimicrobial hybrid peptide CA-MA in aqueous solutions under different

physiological conditions. This specific hybrid peptide is of great interest to be explored, because



ABSTRACT

of its bactericidal and tumoricidal abilities. The results of this study have shown that the peptide
receives random coil conformation in water, which is in accordance with experimental results.
Partial stabilization of the a-helix structure was found in the case of simulation in salty
environment and the irreversible loss of the a-helical content was observed at the physiological
temperature of 310 K. The peptide concentration plays a stabilizing role on secondary structure
of the peptide. However, at these concentrations, peptide aggregation takes place. The studies of
the CA-MA peptide have been further extended for the case of interactions with CNT and
graphene sheet. In both cases the rapid loss of a-helical content has been observed at the time of

the peptide’s contact with the solid carbon — based nanosurfaces.
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CHAPTER 1:
INTRODUCTION




CHAPTER 1

The science and technology of nanoscale materials, devices, and their applications in molecular-
electronics, nanocomputers, sensors, actuators, and molecular machines form the core of
nanotechnology.! The prefix “nano” comes from Greek “nanos” which means “dwarf™ and
corresponds to a basic unit on a length scale, meaning 10" meters, which is a hundred to a
thousand times smaller than a typical biological cell or bacteria.' The initial idea to combine
individual atomic and molecular building blocks in order to develop useful materials, devices
and applications was given by the Nobel prize winner physicist - Richard Feynman in lecture
“There’s a Plenty of Room at the Bottom” at Cal Tech in 1959 in which he said “The problems
of chemistry and biology can be greatly helped if our ability to see what we are doing, and to do
things on an atomic level, is ultimately developed — a development which I think cannot be
avoided”." Indeed, development of devices such as scanning probe microscopes and similar
techniques has given opportunities to manage the processes at atomic level, which shed light on
growth of nanotechnology of past decades. The huge progress in nanotechnology has been
achieved by the discovery of nanoscale materials, such as fullerenes in the mid — 1980s and
carbon nanotubes, discovered by Iijima’ in the early 1990s.

Nowadays, computer simulation tools and molecular modeling provide innumerable possibilities

to study interactions of nano — sized objects at atomic level.

1.1CARBON NANOTUBES

Carbon nanotubes (CNTs) are graphitic nanomaterials that possess many outstanding
properties.*® They are known as the stiffest and strongest fibers with remarkable electronic
properties and many other unique characteristics. These are the reasons CNTs have become the
most attractive subject for many branches of science and industry. CNTs can be single walled
(SWNT) or multiple walled (MWNT), varying in diameter and length, with closed capped
section or open ends. The diameter of nanotube can be in the range between 0.4 up to 100 nm
and the length — from several nanometers up to centimeters. The tubes present by themselves a

rolled up graphene sheets (graphene is an individual graphite layer). Depending on the way of
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how these sheets will be rolled up, different structures with different properties of the nanotubes
can be obtained.” The structure of the nanotube can be specified by a vector C, (C,= mal+na2),
that determines the direction of rolling a graphene sheet, in which a lattice point (m, n) is
superimposed with the origin, defined as (0, 0). This can be understood with the reference to the
Figurel.1. To produce a nanotube, for example, with the indices (7, 3), the sheet is rolled up so
that the atom labeled (0, 0) is superimposed with the one labeled (7, 3). In the case if n=0, the
zig-zag nanotube is obtained, when m = n — arm-chair and, finally, when m # n, the nanotube is

called chiral. Figure 1.2 represents the three structures of CNTs.

Figurel.l: Graphene sheet. Unitary vectors al and a2 are necessary to determine the rolling
direction expressed by vector Ch.
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armchair Zigzag chiral

Figure 1.2: Molecular models of SWCNT exhibiting different chiralities: a) arm-chair
configuration, b) zig-zag arrangement and c) chiral conformation.

1.2 BIOMEDICAL APPLICATION OF CARBON NANOTUBES

Since their discovery, various biological and biomedical applications®” of CNTs have been
proposed by researchers leading towards new field in diagnostics and therapeutics.'® Some of the
examples of biomedical application of CNT are reported here.

Development of pressure sensors, based on CNT incorporation is extremely efficient and of great
demand in biomedicine. Such sensors can be applied in eye surgery, respiratory devices, patient
monitors, inhalers as well as kidney dialysis machines.” Another attracting application of CNTs

is their exploitation as atomic force microscopy (AFM) probes. Usually, AFM generated image
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is highly dependent on the shape of AFM tips and surface structure of the investigated sample.
An optimal radius of the tip should be commensurable with atomic proportions. Compared to
silicon probes, the probes made of CNTs have high resolutions. Because of their cylindrical
shape and small diameter it is possible to image narrow and deep cavities of a sample. Using
CNTs as AFM tip, the research group of Stevens was able to reproduce an image of a protein
filament."'

Quantum dots are biological labels having size of 2 - 10 nm and very useful for imaging and
spectroscopy of cancer cells, disease diagnostics, targeted therapeutics and drug screening. It has
been shown that CNTs can be used as quantum dots.”'*"

One of the best features of CNTs is the ability to cross cell membranes.'*"> Hence, CNTs can be

141618 They have large inner space that can be filled

used as nano-containers for drug delivery.
with desired drug or any other molecule of interest. The outer surface of the nanotube can be
modified with biocompatible materials in order to reduce cytotoxicity. This point will be
described more in detail in the following part related to Functionalization of Carbon Nanotubes.
In addition, CNTs have open ends, which allow insertion of required material inside the
nanotube.”” The encapsulation of a drug or other bioactive molecules inside the nanotube is
mostly governed by van der Waals and hydrophobic forces. Drug delivery systems based on
CNTs open new opportunities for treatment of diseases like cancer, HIV/AIDS, malaria and

metabolic diseases'®**%!

as well as gene therapy.

Furthermore, CNTs can be used as implantable nanosensors and nanorobots.” CNT based
nanosensors have the advantages that they are thousand times smaller than
microelectromechanical systems sensors and consume less power. Therefore, they are highly
suitable as implantable sensors. Implanted sensors can be used for monitoring pulse,
temperature, blood glucose and diagnosing diseases.””> Implantable nanosensors can also
monitor heart’s activity level and regulate heartbeats by communicating with an implantable
defibrillator. Implanted nanorobots™ may do several functions, such as treatment of skin
diseases, protection of immune system by identification and neutralization of unwanted bacteria,

deactivation of pathogenic bacteria in mouth cavity, thus protecting teeth against plaque and

tartar.
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It has been shown that CNTs can act as actuators.”* CNT actuators are able to work under
physiological environment, low voltages, and temperatures as high as 350° C. Nanotube based
polymer composites have promise as possible artificial muscle devices” because of their
incredible strength and stiffness.

These are just a few out of the huge amount of varieties of CNT applications. In Figure 1.3 one

can see some example pathways of CNT applications.

‘Vaccine
Delivery

Infectious
Diseases

Figure 1.3: Various application of CNTs in delivery of bioactives.
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1.3 FUNCTIONALIZATION OF CARBON NANOTUBES

Due to their hydrophobicity and tendency to aggregate, CNTs are very harmful for living cells.
2628 Cell studies related to CNT cytotoxicity have shown that CNTs, in general, are very toxic.
However, this factor mainly depends on the size, surface chemistry and aspect ratio of the
nanotube.”’ For further biomedical applications their surface must be modified in order to make
them biocompatible and soluble in water. Several solutions have been proposed to overcome
these problems. One of the solutions is surface modification, which can support biocompatibility
and low toxicity. CNTs can be functionalized with different functional groups, useful for
targeting, imaging or therapy.”’ Attachments of functional groups to the surface of the nanotube
may be covalent or non-covalent.**”** Covalent modification is mostly associated with
functionalization of nanotube surface by various chemical groups that can be bonded to nanotube
surface covalently, while non-covalent implies coating of the nanotube surface with amphiphilic

20 1t should be noted that an ideal non-covalent

molecules like lipids and polymers.
functionalization for biological application must be, first, biocompatible and nontoxic and,
second, the coating should be sufficiently stable to resist detachment from the nanotube surface

in biological solutions, like serum with high concentration of salt and protein.*°

1.3.1 Covalent functionalization

Covalent modification by functionalization of end-groups and side walls of CNTs>® produces a
significant increase of the solubility of CNTs in a range of solvents, including water.>**> Some
of the examples of covalent surface modifications include side wall halogenation of CNT, adding
cyclo-additions, radical additions, addition of inorganic compounds and ozonolysis.*> Such
modifications of CNT surface provides multiple sites for the covalent attachments of drugs,

14

amino acids, sugars, DNA, oligonucleotides, peptides, proteins or enzymes. The main

disadvantage of this method is that the defects of the CNT side-walls has place in this case.
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1.3.2 Non-covalent functionalization

Non-covalent functionalizations are often used in medical applications of CNTs. These
modifications do not disrupt electronic structure of nanotubes and physical properties of CNTs
can be saved. There are two paths by which the nanotube can be functionalized non-covalently.
First implies the wrapping of the polymer around the CNT surface *° and the second is performed
through n-m stacking interaction between aromatic rings of the loaded materials and = electrons

37-38

on the surface of CNTs. Non-covalent surface modifications will prevent CNTs from

aggregation into bundles and favor their water solubility.

1.4 INTERACTIONS OF CARBON NANOTUBE WITH BIOLOGICAL
INTERFACES: EXPERIMENTAL AND THEORETICAL STUDIES.

Since the importance of nanotechnology grows every day and application of CNTs in
nanomedicine is highly promising, it is useful to understand the interactions of CNTs with
biological interfaces. Understanding of principles based on physicochemical interactions,
kinetics and thermodynamic exchanges between the CNT surface and the surfaces of biological
components, such as proteins, membranes, phospholipids, endocytic vesicles and organelles will
open new opportunities for better design of nano-transporters, aimed for treatment of diseases.
Several studies have been performed in order to understand the pathways of CNT internalization

through the membranes of various cells.'>***

Direct imaging of SWCNT in cells has been
carried out by Porter’” by confocal microscopy and transmission electron microscopy (TEM)
techniques. The studies have been performed on human monocyte-derived macrophages
(HMMs) in vitro. It was shown that SWCNT were able to enter cells and even reach the cell
nucleus, causing lethal outcome in a dose-dependent manner.” The study suggests two possible

pathways of internalization: energy-dependent phagocytosis or endocytosis and passive diffusion
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across lipid bilayer.” Later, by the same author — by Porter*' it was demonstrated cellular uptake
of acid treated SWCNTSs. Raman spectroscopy and TEM were used in this case. The acid treated
SWCNTs showed to be more frequent in crossing cell membrane and less cytotoxic rather than
untreated ones. Group of Zhou* using confocal laser scanning microscopy has studied
translocation of SWCNT, functionalized with phospholipid-polyethylene glycol (PL-PEG),
inside healthy, tumor and macrophage cells. Observance of PL-PEG-SWCNT in mitochondria of
both healthy and cancerous cells and, mainly, lysosomal distribution for macrophage cells had
place. Not the passive membrane transection, but energy-dependent endocytosis is the only path
by which SWCNT enters the cell and is suggested by Yaron et al.** In the study F127 pluronic
coated SWCNT was found in endosomes while entering the HeLa cells.

One of the most powerful methods for investigation of CNT interaction with lipid bilayer, as a
model of biological membrane, is molecular dynamics (MD) method. Preliminary studies,
implementing MD approach have been reported in a research of Wallace and Sansom.*> With the
usage of Steered Molecular Dynamics (SMD) methods investigation of interactions between
SWNT of various diameters (1.4-6.Inm) and dipalmitoylphosphatidylcholine (DPPC) lipid
bilayer at different pulling velocities (0.5 and 50 nm/ns) was carried out. It was shown that
during penetration of carbon nanotube through bilayer deformation of the last one was occurred,
that, in turn, had been depended on the pulling velocity.

The perspective of CNT application as nanovectors depends on their ability to porate the cellular
membrane. Non equilibrium all-atom SMD simulations have been performed by Gangupomu
and Capaldi*® to study the forces and the free energy required to puncture the membrane and
form a pore by CNT. The presence of 30 % cholesterol in a Palmitoyl, 2-Oleyoyl,
Phosphatidylcholine (POPC) lipid membrane has been considered, as well. The results obtained
by the authors suggest that the force needed to rupture the membrane depends on pulling velocity
of the CNT, namely, the lower is the speed lower is the penetration force. The presence of
cholesterol did not significantly change the rupture forces or free energies, but it favored

membrane poration by the nanotube.*°
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1.5 AIM AND THE OUTLINE OF THE THESIS

The aim of the thesis is focused on understanding of the mechanisms of interactions of CNTs
with biological interfaces using different levels of simulation techniques. In particular, the study
comprises interactions of CNTs with linear ether — based polymers; phospholipid bilayer and
peptides. One of the methods used to perform simulations is atomistic molecular dynamics
(AMD) approach. AMD simulations reproduce the data in accurate manner, which allow the
understanding of the interactions at atomic level. However, this method does not allow
investigation of large systems (> 100 nm) for a long computational time interval (> 1 us). One
way to speed up calculations is to simplify the molecular model by unification of several atoms
into one, so called coarse-grained (CG) models, and reduction of the degrees of freedom. Such
model, which is used in the present work, is MARTINI*' model. The other way is to simplify the
most computationally expensive part of the simulation, i.e. the potential of interaction between
the particles. New approach based on combination of self-consistent field theory (SCF) and
molecular dynamics (SCF-MD) has been developed by Prof. Giuseppe Milano™ in our research
group at the University of Salerno for this purpose.

The thesis is organized as follows. In Chapter 2 computational methods, used to perform
simulations are explained. Chapter 3 describes the coating mechanism of SWCNT by
poloxamers based surfactant. In particular, the study includes the distribution of one monomer
(1, 2 dimethoxyethane (DME) and 1, 2 — dimethoxypropane (DMP)), PEO/PPO pentamers and
L64 triblock copolymer respect to SWCNT surface. Since CNTs represent insoluble aggregates
in aqueous media, the idea of the study was driven due to the purpose to use surfactants for CNT
solubilisation. The studies has been extended for longer polymer chains using MD-SCF method
and in the Chapter 4 adsorption of F127 and F108 pluronics on the surface of CNT bundles of
different length is reported. The results are compared with available experimental data.

CNTs are able to cross biological membranes. This unique feature of CNTs can be applied for
pharmaceutical purposes for CNT based drug delivery. The exact pathways of CNT
internalization are still under investigation. In order to understand the principles of CNT

interaction with cell membranes, it is important, first, to clarify how CNTs interact with pure
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lipid bilayer. For this purpose, one part of the PhD thesis was dedicated to the study of
interactions of CNTs with lipid bilayer. In particular, in the Chapter 5 orientation and aspect
ratio dependent interactions of double-walled carbon nanotube (DWCNT) bundles with the
DPPC lipid bilayer, as a model of cellular membrane is described.

Chapters 6 and 7 are containing information related to simulations of antimicrobial hybrid
peptide Cecropin A — Magainin 2. Antimicrobial peptides are found to play an important role for
the fight against new antibiotic resistant bacteria and cancer. For this reason it is vital to
understand their structural behavior under physiological conditions. Chapter 6 is dedicated to
the study of the behavior of antimicrobial Cecropin A — Magainin 2 (CA-MA) hybrid peptide in
aqueous solutions under different conditions. Mainly, understanding the influence of the factors
such as temperature, ionic strength and peptide concentration on the secondary structure of the
peptide is the focus of this chapter.

The ability of CA-MA hybrid peptide to lyse bacterial cells can be used against bacterial
contamination of materials. Understanding the structural behavior of CA-MA peptide during the
interaction with solid surfaces will provide an opportunity for their better future applications. In
Chapter 7 the curvature dependence interaction of CA-MA peptide with carbon — based
surfaces, such as CNT and graphene, is considered.

The main results and future perspectives are summarized in the Summary and Outlook part of

Chapter 8.
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2.1 MOLECULAR DYNAMICS SIMULATIONS

2.1.1 Algorithm

Molecular dynamics (MD) simulation is a tool to calculate the physicochemical properties of the
real system in specific thermodynamic conditions. Under thermodynamic conditions is implied
constant temperature, pressure, surface tension and so on. Based on this method it is possible to
study the structure of solids, liquids and gases. The principle of MD is following: similarly as in
experiments, the sample should be prepared at the first point. It means that the basic parameters,
such as temperature, number of particles, density, time step, initial positions and velocities must
be set.! Since the system of N particles is selected, the program computes the forces, acting on all
particles and solves Newton's equation of motion (Eq. 2.1.1) for this system until the properties
of the system do not change any more (equilibrium state):

dzri(t) _
Loatz

F,(ry .. my) (2.1.1)

Here r; are the positions of the particles with the mass m; and F; is the force depending on the
positions of all N particles in the system. The force acting between the particles is calculated
using the potential energy function V(r; ...ry). Mathematically this is given by the negative of

the first derivative of the function:
d
F,=——V({y..1my) (2.1.2)
6rl-

If the force is known, we can predict the next position of the atom in the time interval ot (time
step). Usually this is done by one of the simplest algorithm, the so-called Leap-Frog” algorithm,

which is performed by the following integration scheme:

v (t + gat) = v, (t - %51:) + :l—l (5t) 2.1.3)

ri(t +6t) = 1;(8) + Stwi(t + 5 5t) 2.1.4)

Where v; is the velocity of i-th particle, F; is the force acting on the particle i with the mass m;,

1; is the position of i-th particle.
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This is repeated for several thousands of time steps until the properties of system do not change
any more, and the equilibrium state is reached. Then analysis can be performed based on
methods of statistical mechanics to explore the bulk properties of the material (e.g. secondary

structure, temperature, pressure, viscosity, diffusion etc.).

2.1.2 Interaction Potentials
In MD simulation the potential of interaction which characterizes the force field includes two
parts of interactions. These are bonded and non — bonded interactions:

V(ry, 12,73, ., ) = Etor = Epondgea + Enon—pondea (2.1.5)

Where further is defined as,

Epondea = Ebona + Eangte + Edinearal (2.1.6)
Enon—bonded = Evan—der—Waals + Eelectrostatic (2-1-7)
Bonded interactions

The bonded interactions are usually described by the function dependent on two body

interactions. The form of the function is expressed as a harmonic potential function:
1
Epona = ZbondsEKb (b— bo)z (2.1.8)

Where K}, is a force constant for bond usually obtained from experimental crystallographic and
spectroscopic data, b is the bond length and b is an equilibrium bond length.

The bond-angle vibrations are three body interactions which describe the deviation from the
initial bond angle geometry due to the motional deformations and defined again as harmonic

expression as,
1
Eangle = ZanglegKB (6 — 90)2 (2.1.9)
Where Ky is a force constant for angle, € is the angle, 8y is an equilibrium angle.

Torsional interactions involve four atoms (i, j, k and /) and define the dihedral angle ® as the

angle between two planes that pass through the triplet of atoms (i, j and k) and (j, k£ and /).
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Egineara = Ldinearal Ky (1 + cos(ng — ¢)) (2.1.10)

Where Ky is the rotational constant for the dihedral angle energy, n is the periodicity of the
rotational barrier, ¢ is the dihedral angle between the two planes, formed by the triplets of atoms

(i, j, k) and (j, k, /) and ¢; is the phase factor.

Improper dihedrals are used to define the planarity of the four atoms (i, j, £ and /) and are

expressed by harmonic interaction potential

1
Eimproper dih. — Zimproper dih. EKE (E - S;O)Z (2.1.11)

Where K¢ is the force constant and & is the dihedral angle on four atoms (i, j, £ and /) to keep
them in special configuration. For example, &, will be equal to 0°to keep the four atoms in planar

configuration.

Non-bonded interactions

The molecular non-bonded interactions as in equation 2.1.5 are consisting of van der Waals
(vdW) and electrostatic interactions. The vdW interactions are presented by Lennard-Jones (LJ)
potential function and it expresses the interaction energy between two atoms. The LJ potential is
a short range potential defined as,

O g

12 6
— ij ij

Evan—der-waals = Zi2j>i4gij (rll_z - T) (2.1.12)
ij ij

Where 7 is the distance between particles, ¢;; is the well depth and o;; is the distance at which

the inter potential is zero. This potential contains an attractive part and a repulsive part.
Attractive forces are due to dipole-dipole interactions and the repulsive part is due to Pauli-

exclusion principle and inter-nuclear repulsion.

The electrostatic interactions are defined as simple coulombic potential function,
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qiqj
Eelectrostatic = Zi2j>i <4) (2.1.13)

4megTi

Where r is the distance between particles, g; and g; are the partial charges on the atoms i and j,

respectively, and ¢y is the dielectric constant in vacuum.

2.1.3 Temperature and Pressure Control

The temperature of the system can be calculated using the average kinetic energy of the N

particles with Nydegrees of freedom,

1 1
SkpNfT = ZiL, -myvf (2.1.14)

Where v; is the velocity of particle i with mass m;

The pressure expression of the system is based on virial theorem.” Thus, the pressure is
expressed as summation of ideal part (PV=NkT) and the summed product of forces (/) acting

on particles at distances (7;;) between the centers of mass of the molecules,
1ynN
PV = NkT + - X j(rij * Fij) (2.1.15)

In order to control the temperature of the system and the pressure one can use weak temperature
and pressure coupling to an external bath i.e. Berendsen method.* In this approach, at each

integration step, the atomic velocities, v, are scaled to v, to change the temperature of the system

T(t— %5 t) to the reference temperature, Ty. 4 is a constant and defined as,

1

_ oef_ 1 A\
A= [1+ - (T(t_%&) 1)] (2.1.16)

Where 77 is the coupling parameter and 7) is the thermostat fixed temperature. The coupling to

the reference pressure, Py is performed by scaling of coordinates r to #r as,
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1

X3¢ (p(e) — Py)|° 2.1.17)

Tp

11=[1+

Where P(t) is the system pressure at time ¢ and 1" is the compressibility of the system. 7, is the

coupling parameter or strength of coupling.

Another method to maintain the temperature constant is based on Andersen’s thermostat.'” In
this thermostat the system is coupled to heat bath of desired temperature. The coupling to the
heat bath is performed by stochastic collisions that act occasionally on randomly selected
particles. In the Andersen’s thermostat collisions are not performed at each MD step but it is
described by in advance chosen collision frequency v. The distribution of time intervals between

the two stochastic collisions can be expressed by Poisson formula:
P(t;v) = vexp[—vt] (2.1.18)

Where P(t; v)dt is the probability that the next collision will take place within the time interval
[t,t + dt].

The idea of the Andersen’s thermostat is based on the following principle:

Once initial positions and momenta {r" (0), p" (0)} are set, Hamiltonian equation of motions are
integrated for a time At. The probability that a particle selected in interval At will undergo a
collision with heat bath is vAt. For the particle that undergoes collision, the new velocity will be

described by Maxwell-Boltzmann distribution with a desired temperature T.
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2.2HYBRID PARTICLE-FIELD MD SIMULATIONS

Despite the computational power and the methods based on acceleration of calculations, hence,
saving computational time, is improving every year, it is still difficult to study large systems,
consisting of huge number of atoms. For example, calculation of atomic forces in MD simulation
is usually the most expensive operation. The forces, acting between atoms are pair forces. So, the
force calculation will be performed for each non-bonded atom pairs. For this purpose, coarse-
grained models (CG) of molecules were adopted in order to reduce the degrees of freedom,
keeping just those ones that are important for a particular task. In order to study large systems, a
technique that allows going beyond the CG particle-particle time scales is required. For this
purpose, one of the tested and approved tools is a combination of Self-Consistent Field (SCF)

and Molecular Dynamics (MD) methods (MD-SCF).®

In hybrid MD-SCF method intermolecular interactions are not calculated by pair potentials as in
classical MD simulations. Interactions between different molecules are replaced by interactions
between single molecules with external density fields. Such external fields depend on the
statistical average of the spatial density distribution of the particles which are generated by the
separate molecules interacting only with the external fields. These external fields and the particle
density distributions must be determined self-consistently. Intramolecular interactions such as
bonds, bond angles and intramolecular non-bonded interactions are treated with usual potentials

and force fields of classical molecular simulations.

As mentioned, a molecule in SCF model is interacting with surrounding molecules through a
mean field. Based on this, the Hamiltonian of the system consisting of M molecules is divided

into two parts,’
A(T)=H,(T)+w (T) (2.2.1)

Where I indicates a point in a phase space and is used to describe a set of positions of all atoms

in the system. 77, (I") is the Hamiltonian of the reference system, where all the intramolecular

interactions, such as bond and bond angle interaction are considered. W (I")is the deviation
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from the reference system and considers intermolecular non bonded interactions. Thus, the

partition function of the system can be written as,

Z = — [ dlexp{—B[Ho(I) + W ()]} 222)

1 ) )
Where f = k_T , kg is Boltzmann’s constant, 7 is the temperature.
B

The deviation W(I) from the reference state F,originates from the interactions between the

molecules. It is assumed that W(T)) depends on I" through ¢(r; I),
W () = W(e(r; I') (2.2.3)

Referring to saddle point approximation one can obtain,

SwW
V() = Ol = TS X 0 (1) + = (S @k (1) — 9) (2.24)
Spk(r) k

Taking into consideration a mixture of two components 4 and B, the potential can be calculated

as,
Va(r) = kpTxaa0a() + xappp()] + % (pa() + @) — @) (2.2.5)

Va(r) = ksTlXss@s() + Xap@a(M]+ = (92 + 05() — @)

Where ¢, (r) is a density of the particle 4 at a distance r from a given point, ¢z (1) is a density
of the particle B at a distance » from a given point, ¢, is total number density of segments, k is
the compressibility of the system that is supposed to be sufficiently small, y is the Flory-Huggins

parameter which can be calculated based on the formula
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ZCcN [ZuAB— (uga+ upsp) (2.2.6)

XaB = KpT >

Here uy,p is pairwise interaction energy between a pair of neighbor lattice sites occupying by
bead types of 4 and B, z.y is the coordination number, which is equal to 6 for the three-
dimensional lattice. The interaction energies were set as Uyp = - &4, Where 45 is the Lennard-

Jones parameter of interaction between the pair of the particles.

In order to obtain a coarse-grained density ¢(7), the simulation box is divided into
ncell=nx*ny*nz cells (where nx, ny, nz are number of cells in x, y and z directions). All the
particles are distributed among these cells in the simulation box depending on their positions.
According to the position of a given particle inside a cell, a fraction of it is assigned to the mesh
points at the vertices of this cell (see Figure 2.1). The fraction of a particle assigned to a given
vertex is proportional to the area of a rectangle whose diagonal is the line connecting the particle
position and the mesh point on the opposite side of the cell. For instance, a fraction (I-x)*(I-y)/I’
will be assigen to a mesh point 1, and a fraction of x*y// at mesh point 4, where / is a length of a

side of the cell.
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Figure 2.1: Particle fraction assignment for two-dimensional case (left); schematic
representation of coarse-grained density in a box with a cell side length equal to /. The density of
each bead is assigned to a mesh point in vertices of a cell (right). In blue are marked densities
related to particles of type A, in green — densities for particles of type B, and in red — for particles
of type C.

24



CHAPTER 2

23 MOLECULAR DYNAMICS AND HYBRID MD-SCF METHOD:
SUMMARY

Classical MD simulation is the most widespread method used to perform calculations in order to
predict the properties of materials. As mentioned before, this method is accurate and provides
data considering all atom interactions. This is very useful tool to perform simulations at
conditions that are not possible to perform by experiments. For example, to measure freezing
point of water at 1 atmosphere is easy, but this becomes difficult to measure properties of real
system at extreme conditions (high temperatures and pressures).! Classical MD simulations are
very useful tool to perform qualitative analysis of the system. In particular, estimation of
diffusion coefficient, calculation of radial distribution function, minimum distances between
specific groups of atoms, analysis of secondary structure of the protein (peptide) can be
performed by atomistic MD with high accuracy. This method is computationally expensive and
requires more computational resources to investigate large scale systems (>100 nm) for a long
computational time interval (>1ps). In this case particle-filed approach, based on combination of
MBD and SCF theory is a very useful and powerful tool. There are numerous applications of this
approach for the study of block copolymers,®'? proteins,"> polymer composites'* and colloidal
particles."”'® MD-SCF method, developed by Prof. Giuseppe Milano”'” in our research group at
the University of Salerno, has already been successfully applied to study interactions and self-

assembly of soft matters, as well as CNTs.
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CHAPTER 3

THEORETICAL STUDY OF THE COATING MECHANISM OF
SINGLE-WALLED CARBON NANOTUBE BY POLOXAMER
BASED SURFACTANTS

3.1 ABSTRACT

The coating mechanism of single — walled carbon nanotube (SWCNT) by poloxamer based
surfactants has been studied by molecular dynamics (MD) simulations. Aqueous solutions,
consisting of the mixture of 1,2 — dimethoxyethane (DME) and 1,2 — dimethoxypropane oxide
(DMP), pure polyethylene oxide (PEO) and polypropylene oxide (PPO) pentamers and their
mixtures, as well as, L64 triblock copolymer were considered in this study. The results of the
simulation suggest the preferential bindings of the DMP/PPO with respect to the DME/PEO onto
the surface of the SWCNT. Binding of L64 triblock copolymer to CNT occurs, mainly, by PPO
blocks, while PEO blocks tend to remain into water. Interestingly, it was found that CNTs coated by
L64 do not prevent the formation of CNT aggregates. This result is in agreement with experimental

observations on the poor capability of L64 polymers to disperse CNT in solution.
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3.2 INTRODUCTION

Carbon nanotubes show a peculiar ability to cross biological membrane and cumulate in the cell.!
This characteristic, together with other properties of this material, offers interesting alternatives for
developing novel delivery system in therapy and in diagnostics.”> However, this potential use is
mainly limited by their poor solubility in water. In fact, new synthesized single-walled carbon
nanotubes aggregate in bundles that are difficult to separate.® Different solutions based on the CNT
surface modification have been proposed to overcome this problem. For possible biomedical
applications, these CNT derivatives should not only improve the CNT solubility, but also sustain
biocompatibility and low toxicity. The surface modifications of CNTs can be accomplished by
covalently bound functional groups’ and/or by non-covalently coating the surface with surfactants
or, in general, amphipathic molecules like lipids and polymers.® In particular, block copolymers
have been successfully utilized for modifying the solution behaviour of these nanomaterials. In fact,
these amphipathic polymers are able to disperse nanostructures and colloidal moieties in different
media in order to induce their assembly into mesostructures.”” Nevertheless, the details of this
process are not yet clarified. In a recent study on the adsorption of block copolymers to SWCNTs
and MWCNTs, a non-wrapping mechanism - which means that interactions between the polymer
and the nanotube are nonspecific'® - was proposed. In particular, the more hydrophobic PPO blocks
are adsorbed onto nanotube surface, while more hydrophilic PEO parts are extending into aqueous
media, providing steric repulsion, which results on dispersion of the CNT. Granite et al.!!
investigated interactions between block copolymers and SWCNTs in aqueous solutions, using
small-angle neutron scattering studies. In this study, two types of block copolymer-CNT interaction
models have been suggested. The first one implies core-chain model, where polymer chains are
adsorbed onto the small bundle surface and there is no difference between PEO and PPO
components. The second one, more detailed, describes core-shell-chains model. In this model the
core is the CNT bundle, the shell is region in contact with the CNT surface in which the PPO part of
the polymer is adsorbed and chains are constituted by the PEO part of the polymer extending in the
solvent. More recently, Frise and coworkers'? have studied the interaction between the block
copolymer F127 and CNT in aqueous dispersion by pulsed-field gradient (PFG) 'H NMR
spectroscopy. Their study confirmed the previous hypothesis showing that the polymer binds the
nanotube by its central hydrophobic block, while the two hydrophilic PEO terminal parts extend

into water phase.
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Different theoretical study using MD simulations was also performed to investigate the “wrapping”
mechanism of the nanotube by polymer chains. Yang et al.'® has studied the interaction of different
polymers with CNT. The polymers considered in the work were polystyrene (PS),
poly(phenylacetylene) (PPA), poly(p-phenylvinilene) (PPV), and poly(m-phenylenevinilene-co-2.5-
dioctyloxy-p-phenylenevinilene) (PmPV). “Zig-zag” CNTs with the length of 10.38 nm and
diameters ranging from 0.39 to 5.36 nm were used for the study. The results evidenced for all the
polymers the tendency to coat the CNT surface. However, the strength of the interactions is very
dependent by the structure of polymer monomers. In particular, polymers as PPV and PmPV,
consisting of monomers with aromatic groups in the backbone, tend to bind the CNT surface

stronger than those, containing the aromatic groups in their side chains, such as PS and PPA.

To the best of our knowledge, no theoretical studies have been performed to specifically
study the interaction mechanism of linear ether based polymers with SWCNT in aqueous solutions.
In this chapter a theoretical study, based on atomistic MD simulations, of SWCNT in the presence
of surfactants is reported. In particular, the coating mechanism of SWCNTs by polyethylene oxide
(PEO) and polypropylene oxide (PPO) based polymers and block copolymers has been studied.
The study is divided in two parts. In the first part, simulations of DME/ and DMP/water mixtures
with SWCNTs of different chiral indices are analyzed. Since DME and DMP represent one
monomer of the PEO and PPO polymers, respectively, these simulations can provide a detailed
model of the interactions between the single polymeric units and the CNT. The SWCNTs of
different chiral indices are used to understand the effect of the surface curvature and tube diameters
on the bindings and permeations of the polymer into the nanotube. In the second part, the influence
of the polymer length on the preferential solvation has been investigated with pentameric PEO and
PPO chains and with the triblock co-polymer L64 (see Scheme 1). Finally, the effect of L64 on
CNT bundle formation has been studied.
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PEO PPO
CH3—O CHz—CHZ—O CHB CHB—O C|H_CH2_O CH3
n CH3 n

PEO PPO PEO
CHyCH,-0 CHz—CHz—OH CIH—CHE—OHCHZ—CHZ—O}CH3
13 CH3 20 13

Scheme 1: Chemical formulas for PEO, PPO pentamers (n=5) and L64 triblock copolymer (bottom)
used in this study.

3.3 COMPUTATIONAL METHODS

3.3.1 CNT Models.

Carbon nanotubes of different length and chiral indices (m, n) have been used to perform
simulations. Namely, nanotube with chiral indices m=10, n=5 (chiral), m=7, n=7 (arm-chair), m=>5,
n=5 (arm-chair) and m=5, n=0 (zig-zag). The length was chosen to be equal to 3 nm for all
simulations. The SWCNTs used in these simulations are without explicit hydrogens at the edges.
Since CNTs, described in experimental work are quite long (about 500 nm'"), the charges at both
edges of CNT should not affect the interactions. Table 3.1 contains a list of SWCNTSs used in this

study with the corresponding diameters and chiral indices.
3.3.2 CNT Force Field.

The CNT force field is based on the model proposed by Walther et al.'* The carbon atoms were
considered uncharged. The Lennard-Jones (LJ) parameters for carbon-carbon interaction of
nanotube &, was chosen to be 0.4396 kJmol™ and .. — 0.3851 nm'*, LJ parameters of interaction
between the carbon of the nanotube and oxygen of the water are g, = 0.392 kJmol™! and 0= 0.319
nm." The mixed Lennard-Jones parameters for the interaction of the CNT carbon with other atoms

: : o 16
were obtained using the combination rules :

6) _ / ©) , ~(12) 12) _ / 12) _ ~(12)
C;’ = |ci * C; cit = JciP 3.1)
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Where symbols i and j are related to particle types. Here Ci(].6)is the LJ parameter of interaction

between the particles of type i with the particle of type j. The parameters Ci@and Cj(jlz)are the LJ

L
parameters of interactions between the particles of type i with a particle of type i, and the particle of

type j with the particle of type j, respectively.
3.3.3 Polymers Force Field.

The models of DME, DMP, PEO, PPO and Pluronics were developed in our research group and the
detail of the model have been recently published'”.

Table 3.1: Chiral indices of SWCNT and corresponding diameters.

Chiral indices (m,n) of CNT Diameter, nm
10,5 1.2
7,7 0.94
55 0.6
5,0 0.4

3.3.4 Simulation System Setup.

The systems were prepared centring the solute, the SWCNT, in a box of suitable size and filling the
empty space with the surfactants and the water molecules. In Table 3.2, detailed information of

simulated systems is reported.
3.3.5 MD Simulations.

All the simulations were performed at constant temperature and pressure (NPT conditions). The
integration time step was chosen to be 2 fs. The temperature and pressure were maintained to the
reference value (T=298 K, P=1bar) using the Berendsen thermostat and barostat with coupling time
constant of tt=0.1 ps for temperature and 1,=0.5 ps for pressure, respectively. Simple Point Charge
(SPC/E) model was used as water model.'® Electrostatic interactions were maintained by applying a
cutoff of 1.4 nm. The Lennard-Jones interactions were calculated using a cutoff of 1.4 nm. All the

systems were energy minimized using the steepest descent algorithm and subsequently simulated
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for a minimum of 25 ns for the DME/DMP mixtures up to 100 ns for the three CNTs wrapped by
L64 triblock copolymers.

Table 3.2: Summary of the simulated systems. In the system name S corresponds to SWCNT
and the numbers in parenthesis indicate the chirality.

System Simulation  Box side Water DME/ DMP/ L64
length, ns size, nm’ mol. PEO PPO chains
chains chains

S(10,5 DME:DMP 25 5.5 5196 23 24 -
S(7,7 DME:DMP 25 5.5 5202 23 24 -
S(5,5)DME:DMP 25 5.5 5196 23 24 -
S(5,0)DME:DMP 25 5.5 5212 23 24 -
S(5,5)PEO;s 75 10.0 32864 15 - -
S(5,5)PPOs 75 10.0 32773 - 15 -
S(5,5)PEOs:PPO; 75 10.0 32846 7 7 -
S(5,5)L64 75 10.0 32192 - - 6
35(5,5) 60 4.5 2751 - - -
3S5(5,5)L.64 100 10.0 31716 - - 12

3.3.6 Analysis of the Trajectories.

The distribution of the solvent and surfactants around the CNT was analysed using cylindrical radial
distribution function (cRDF), cumulative coordination numbers and spatial density distribution
functions (SDF). The last one was used to provide a tridimensional representation of the averaged
distribution of the surfactant and solvent molecules around the CNT. The SDF distributions were
calculated as follows. The simulation box along the trajectories was centred on the solute using
translational-rotational fit to the first configuration of the MD trajectory and by unfolding the
trajectory to remove the periodic boundary conditions. Finally, the atomic positions of the selected
atoms of the solvent or surfactant molecules were mapped on a cubic grid centred on the geometric
centre of the reference solute and averaged with respect to the number of frames analysed. A cubic
grid with 0.1 nm grid spacing was used for all calculations. The averaged volumetric density data

obtained was visualized and analysed using program VMD."’

cRDF of the solvent or surfactant molecules with respect to the surface of the SWCNT was
calculated with a program developed in the group of Prof. Roccatano at Jacobs University Bremen.

cRDF’s were calculated using cylindrical coordinate system (r, ¢, z), with origin at the center of
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mass of the SWCNT. Here r is a radial distance from the center of the nanotube, ¢ azimutal angle;

z is z axis of the nanotube. The interior region of the CNT is defined as the volume V, of a cylinder
of height h given by the nanotube length, and with a base of diameter d, equal to V, = %d%h. The
volume of the CNT shell is defined by the volume of the hallow cylinder of radius » around the
CNT external surface equal to Vj, = %rzh — V. Solute molecule is considered to be inside the

nanotube or in the shell region if its center of mass is located inside the one of the above-defined

volumes. The cRDF function is, hence, defined as

N(r+Ar,h/2)-N(r,h/2) _ 1 0
2nrhAr " 2mnrhor

¢RDF(r) =

N(rh/2) = (p(r, . 2))ps  (32)

Where Ar is a small increment of the radial distance, (... ), , is and average over ¢ (0 < ¢ < 2m)
and z (—h/2 <z < h/2) at given r. Similarly with the spherical radial distribution function in

our case cRDF (r) is normalized in such a way that cRDF(r) = 1 asr — oo,

Finally, the number of molecules inside the cylindrical volume N(r, z), extending form z’' = —z to

z' = z, with a base of radius ris related to local number density of solute molecules,

p(r, @, z), through the formula

N(r,z) = for fozn f_ZZr’drd<de’p(r’,<p’,z’) (3.3).
The diffusion coefficient was calculated using the Einstein’s relation:
limgoo (I3 (t) — 7:(0)1I?) = 6Dt (3.4).

Where D is the diffusion coefficient, r; (t) is the position of the center of mass of i-th molecule,

taken at time t, and r; (0) the position at time 0.

MD simulations and analysis of the trajectories were performed using GROMACS (version 4.5.5)

software package and the visualization software VMD. "

35



CHAPTER 3

3.4 RESULTS AND DISCUSSION

3.4.1 SWCNT in DME and DMP Mixture.

The coating effect of DME and DMP on the CNT surface was analysed using the cRDF of the
solvent molecules with respect the CNT surface. In Figure 3.1 the cRDFs for the DME and DMP
molecules, multiplied for the distance, are reported. The curves have two peaks located at the
distance of 0.05 nm and the second one at 0.3 nm from the surface of CNT in both cases. The first
peak is due to the molecules inside the carbon nanotubes. The second peak represents the molecules

cumulated on the external surface of the CNT.

?_ T l T T | IA [ T :l T | T | T i
e i ) & | 1 B) ]
5 . g
ar- | R I | ~
st a :
23 | Iy | B
=1 : | —
. GO S [ ﬁ | J \» SRR N
e = | - | -
: 5__ i C) |- i D)_
S5 = =
a- = 5
- = E
2 5 g
1+ : — | —
o — T L, TSI TR NP . DR EPWTCRR o
0 0.5 1 1.5 0 05 1 1.5 2
r(nm) r (nm)

Figure 3.1: cRDF (multiplied by r) for DME (black), DMP (red) and water (green) molecules
respect to the surface of SWCNT with chiral indices A) (10,5), B) (7,7), C) (5,5) and D) (5,0). The
dashed vertical lines indicate the radius of the SWCNT.

For all the cases, the higher peaks for the DMP indicate its larger local density on the surface of the
CNT with respect to DME molecules. Furthermore, the rapid decrease of the cRDF curves with the
increase of the distance from the CNT indicates that most of the molecules of DME and DMP
aggregate around the SWCNT.
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In Figure 3.2, plots of cumulative coordination numbers as function of the distance from the CNT
surface and, in Table 3.3, the numbers of DME and DMP molecules within 1.0 nm from the surface
of the SWCNT are reported. As expected, from the more hydrophobic nature of the DMP than
DME,"” the number of DMP molecules at different distances from the CNT surface is larger (see
Figure 3.2). In particular, at 1.0 nm from the CNT axes, the ratio DMP/DME varies from 1.1 to 1.8
depending on the size and the chirality of the CNT. The larger ratios is observed for (10,5) and (5,5)
CNTs.
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Figure 3.2: Plots for the cumulative numbers of molecules of DME (black), DMP (red) and water
(green) from the surface of the SWCNT with chiral indices A) (10, 5), B) (7,7), C) (5,5) and D)
(5,0), respectively. The dashed vertical lines indicate the radius of the SWCNT.

The change of the number of DMP molecules within 1.0 nm vs. the CNT diameter is less rapid (see
Table 3.3). The CNT (10,5) and (7,7) show the presence of both DME and DMP in the interior of
the CNT. For the (10,5), an average of 4.6 molecules are present in the CNT and the number of
DMP is larger than DME. The CNT (7,7) contains an average of 3.6 molecules but in this case
DME molecules are more abundant than DMP (DMP/DME=0.34 in Table 3.3). Water molecules do

not diffuse inside the CNTs in all the four cases.
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Table 3.3: Cumulative numbers for DME and DMP inside the CNT (In) and within a distance of
1.0 nm (Out) from the CNT axes.

CNT chirality N° DME N° DMP DMP/DME
In Out In Out In Out
(10,5) 09+09 | 133+£3.6 | 3.7£1.9 | 19.7+44 3.9 1.5
(7,7) 2615 | 134+£36 | 1.0£09 | 16.6+4.0 04 1.2
(5,5) 0 8.6+29 0 153+3.8 / 1.8
(5,0 0 7.6+2.7 0 8.6+2.6 / 1.1

In Figure 3.4 the normalized distributions of the molecules inside the CNT (10,5) and (7,7) are
reported. Both DME and DMP molecules distribute with regular patterns. For the CNT (10,5) 2
DME peaks are observed inside the CNT and other 4 on both ends. DMP distribution shows 5 peaks
inside the CNT and 2 small one outside the borders. The peak position is similar to the DME ones.
An additional peak at R=0 is observed in this case but for the DME. As from the values in Table
3.3, the density of DME molecules is lower than DMP. For the CNT (7,7) the peaks for DME and
DMP are in the same number (4 inside and 2 outside the CNT) and at the same locations, but
situation is the opposite, and the density is higher for the DME than DMP as expected from the

average number of molecules observed in the CNT (see Table 3.3).
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Figure 3.3: Longitudinal distribution of DME, DMP (top graphs, black and red lines, respectively)
and water (bottom graph) molecules distributed inside the CNT with chiral indices A) (10, 5) and
B) (7,7), respectively. The dashed lines indicate the CNT boundaries. At the right side are shown
DME (green) and DMP (red) molecules inside the CNT (10, 5) and CNT (7, 7).

In Figure 3.4 A the SDFs for DME and DMP for the chiral CNT (10,5) are reported. The averaged
distributions are coloured in green, red and blue for DME, DMP water, respectively. As it can be
noticed from the picture, most of the DMP densities are distributed around the surface of nanotube,

with blobs inside the CNT.
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Figure 3.4: SDF for DME and DMP distribution around the CNTs A) (10,5), B) (7,7), B) (5,5) and
D), (5,0), respectively. Density distributions are shown in green for the DME, in red for the DMP,
and in blue water molecules.
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As for water molecules, they are mostly accumulated at both edges of the nanotube. The arm-chair
CNT (7,7) surface (see Figure 3.4 B) is tightly wrapped by the DMP molecules that reduce the
access to both DME and water molecules. The DME and DMP molecules distribute only outside the
arm-chair CNT (5,5) and zig-zag (5,0) (see Figure 3.4 C and D) and, as before, the DMP molecules

are closer to the surface than DME.

The values of diffusion coefficients (D) calculated for DME, DMP and water molecules in the
simulation box are presented in Table 3.4. For comparison, diffusion coefficients for water, DME
and DMP without presence of CNT are given.'” It is evident from the values that the diffusion
coefficients for DME and DMP are lower in the presence of the CNT than in its absence. As
expected, the binding of the DMP and DME on the surface of the CNT decreases their diffusion
coefficients. Furthermore, the values of DMP are lower than DME. The lowest values for both
DME and DMP are observed for the CNT (10,5). With the exception of the CNT (5,0) the value of
DMP remains lower as for the CNT (10,5) while for the DME the value remains close to 0.85x107

cm?/s. The D values for the water molecules are very similar to the pure solvent.

Table 3.4: Diffusion coefficients for DME, DMP and water molecules with and without presence of
SWCNT

D, cm’/s x 107 No CNT CNT (10,5 CNT(7,7) CNT(5,5 CNT(5,0)
Dowe 1.68+0.13 0.33+0.18  0.83%0.02  0.90+0.08  0.83%0.05
Do 1.5440.29 0.23+0.07  0.23£020 0.33+0.09  0.78+0.001
Water 3.31+0.06 3.35£0.03  3.3240.01  3.23+0.06  3.2+0.03

3.4.2 Coating of the SWCNT by PEO and PPO pentamers.

In Figure 3.5, the cumulative numbers for PEO and PPO molecules as function of the distance from
central axes of CNT are reported. The curves of the cumulative numbers increase with the distance
for pure PEO (Figure 3.5 A) and pure PPO (Figure 3.5 B), as well as, PEO/PPO mixtures (Figure
3.5 C). The curves reach their first maximum ~0.6 nm and then keep increasing slowly. In Table 3.5
the cumulative numbers for pure PEO and PPO, as well as, for PEO/PPO mixtures, calculated

within the distance of 1 nm from the central axes of CNT, are reported. These numbers for pure
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PPO is slightly higher than for the pure PEO. However, for 50:50 PEO and PPO mixture (see

Figure 3.5 C) the behaviour of curves is in vice-versa, compared to the pure liquids.
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Figure 3.5: Plots for the cumulative numbers of molecules as function of the distance for A) pure
PEO, B) pure PPO pentamers and for their C) 50:50 PEO:PPO mixture.

Table 3.5: Cumulative numbers for PEO, PPO and PEO/PPO mixtures within 1 nm from the
central CNT axes.

N° PEO N° PPO N° PEO/ N° PPO
7.242.6 8+3 2.7+1.7/2.4+1.6

Figure 3.6 shows the spatial density distributions around the CNT (5,5) for the pentamers of PEO,
PPO and 50% mixture of PEO:PPO chains in water. For both, pure PEO and PPO chains solutions,
pentamers are coating the nanotube surface, preventing the water molecules to be in contact with a
surface of CNT with slightly higher preferential bindings of PPO compared to PEO chains. As for
the mixture of PEO:PPO chains, the there are no significant preferences between the PEO and PPO

chains in terms of binding mode to the CNT surface. Similarly with the case of simulation of DME
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and DMP containing aqueous solutions, here water molecules are also cumulated at the edges of the

nanotube, thus, minimizing the contact with hydrophobic surface of CNT.

Figure 3.6: Different views of the SDF for PEO and PPO pentamers wrapping the surface of CNT
(5,5) with PEO — A, PPO - B and 50:50 PEO:PPO mixture — C. PEO is shown in green, PPO in red,
and water in blue.

3.4.3 Interaction of L64 triblock copolymer with SWCNT

In Figure 3.7, snapshots of the simulation of L64 triblock copolymer in the presence of SWCNT
(5,5) at initial configuration (A) and configuration at 75 ns (B and C) are reported. For clarity, water
molecules are omitted. The hydrophilic blocks of L64 (PEO) are shown in green, the hydrophobic
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blocks (PPO) — in red. During the simulation four L64 chains out of six have been wrapped around
the CNT by their hydrophobic PPO block, while hydrophilic PEO blocks were extending into water

(Figure 3.7, B and C). This result is in a good qualitative agreement with experimental data,

indicating that amphiphilic molecules, like polymers, are coating the surface of nanotube by their
11-12

hydrophobic PPO parts and extending the hydrophilic PEO chains into the aqueous media.

Figure 3.7: L64 triblock copolymer wrapping around SWCNT (5,5). A- initial configuration. B and
C - different views of the configuration at 75 ns.

3.4.4 Effect of Polaxamers on the CNT Bundle Formation

Bundle consisting of three SWCNT of 3 nm has been obtained after 80 ns placing nanotubes into
simulation box, filled with water molecules (see Figure 3.8 A and B). In Figure 3.9 are shown
minimum distances between the first, second and third nanotube for the last 10 ns — at which the
bundle is stably aggregated. Three CNTs form a triangularly arranged bundle with an average

minimum distance of 0.36 nm, corresponding to the equilibrium carbon-carbon LJ contact.
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Figure 3.8: SWCNT bundle formation. A- initial configuration; B- configuration after 80 ns.
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Figure 3.9: Minimum distances between CNT1, CNT2 and CNT3 for the last 10 ns. Bundle
formation.
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10-11.2021 5 simulation

Since block copolymers are known to disperse CNTs in aqueous solutions,
study was carried out to understand if L64 triblock copolymers affect the aggregation processes
observed for the uncoated CNTs. Figure 3.10 A shows the starting configuration of the simulation
with three CNTs having the surface covered by triblock copolymers into a water box. After 1 ns of
simulation, two out of three CNT start to aggregate and remained aligned for the rest of the
simulation (see Figure 3.10 B). This phenomenon may become clear if one refers to the minimum
distances between the nanotubes, shown in Figure 3.11. It is evident from Figure 3.11 that CNT1
and CNT2 start to aggregate at the beginning of simulation, the distance between these two
nanotubes becomes ~0.3 nm, which corresponds to the distance between the nanotubes in
aggregated (bundle) state (see Figure 3.9). CNT3 starts to be in contact with CNT1 at 10 ns till the
end of the simulation, however, the distance between CNT2 and CNT3 fluctuates with a contact
corresponding to 57-72 ns. In addition, from Figure 3.10 it is observable that some chains of L64
are detached from the CNT surfaces permitting their contact and alignment. This result is in
accordance with experimental work performed by the group of Xin.** In particular, they have
studied the dispersion of the nanotube by different amphiphilic block copolymers, such as F127, the
starlike block copolymer AP432 and L64, using by UV-VIS-NIR measurements and Raman
spectroscopy techniques.”” In their work, it was observed that F127 (and AP432) has good
capabilities to disperse CNTs, while L64 was unable to produce a good dispersion. They have
explained this phenomenon with the shorter hydrophilic (PEO) chains of L64 in comparison to the
F127 (and AP432 one), which accounted for the weak steric repulsion between the individual

nanotubes in the CNT bundles.
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Figure 3.10: Solvation of three SWCNT (5, 5), wrapped by L64 triblock copolymer in a water
(water molecules are omitted for clarity). A- initial configuration; B, C, D and E configurations at 1,
10, 60 and 100 ns, respectively.
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Figure 3.11: Minimum distances between the CNT1, CNT2 and CNT3, surface of which is coated
by pluronic L64.
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3.5 CONCLUSIONS

Atomistic MD simulations have been performed to study the interaction of the linear ether based
polymers with SWCNT. Based on the results of simulations, it has been found that DMP molecules
tend to distribute closer to the surface of CNT rather than DME molecules. This effect seems not
depending by the chirality of nanotube, but by the size. In particular, both DMP and DME (but not
water) diffuse and organize inside the larger CNT (10,5) and (7,7). No molecule was observed in
the smaller CNTs used in this study. Similar to DMP molecules, PPO pentamers preferentially coat
the CNT surface compared to the PEO pentamers in pure solutions, whereas, in their mixtures the
binding mode is slightly higher for PEO rather than for PPO chains. The results of simulation with
triblock copolymer L64 had shown that the polymer chains wrapped the nanotube by the part
consisting of PPO blocks, while the part, consisting of PEO blocks were extending in a water phase.
And finally, it was shown that coating by L64 the surface of SWCNT is not stable in water solution.
The detachments of the chains takes place, which results in aggregation of the nanotubes. This last
result is in agreement with experimental one that shows weaker capability of the Pluronic L64 to

disperse CNT bundles.
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CHAPTER 4

COARSE-GRAINED SIMULATION STUDIES OF ADSORPTION
PHENOMENA OF F127 AND F108 TRIBLOCK COPOLYMERS
TO DWCNT BUNDLE

4.1 ABSTRACT

Amphiphilic block copolymers are found to be good dispersants for CNTs. In the current chapter
a theoretical study of the adsorption phenomena of F127and F108 triblock copolymer chains on
the surface of DWCNT bundles is described. Combined MD-SCF tool and CG models for
pluronics and CNT have been used for the study. It has been observed an adsorption for both
types of pluronics on the surface of the bundles. The tight interactions with CNTs have shown
hydrophobic PPO blocks, while PEO blocks were interacting in weaker manner. The numbers of
polymers aggregated on the surface of the bundles were found to be 21, 8/10 and 6 for the
considered bundle lengths of 20, 10 and 4.7 nm, respectively.
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4.2 INTRODUCTION

Carbon nanotubes (CNTs) have attracted a great interest after being discovered in 1991 by
lijima' because of their outstanding properties and wide spectra of different applications.”> The
main obstacle of CNT utilization is associated with their poor solubility in water. Because of the
strong van der Waals forces acting between the nanotubes, they usually do not exist as single
tubes, but form aggregates — bundles.” Compared to covalent modification of CNTSs, non-
covalent approaches do not cause side defects for the CNTs and, thus save their unique
properties, are able to disperse them in aqueous solutions. Several studies have been performed

1

7-10 11-
focused on non-covalent attachment of surfactants or polymers, " as well as macromolecules,

13 for CNT dispersion.

1416 They are

Triblock copolymers, known as pluronics, are good solubilizing agents for CNT.
composed of hydrophobic poly (propylene oxide) (PPO) in the middle and two hydrophilic poly
(ethylene oxide) (PEO) at the ends. The solvation of the nanotube by pluronics occurs due to the
attraction of hydrophobic blocks to the nanotube surface when hydrophilic blocks are extending

into water phase, hence, creating a steric repulsion between the nanotubes.

Adsorption of block copolymers to single-walled carbon nanotubes (SWCNTs) and multi-
walled nanotube has been studied by the group of Nativ-Roth.'® The poly (styrene) - poly
(metahcryl acid) diblock copolymer and poly (ethylene oxide-b- polydimethylsoloxane —b -
ethylene oxide) triblock copolymer were considered for the experimental studies. Pluronic F88
(PEO)100(PPO)ss(PEO); 90 and CNT (10, 10) of 21 nm in length were used to perform molecular
dynamics simulation by the same group.'® A non-wrapping mechanism, by which hydrophobic
parts are non-specifically adsorbed on CNT and hydrophilic parts were extending into solutions,
was suggested. Interaction of F127 (PEO)106(PPO)70(PEO)106 and F108
(PEO)32(PPO)so(PEO);3; triblock copolymers with SWCNTSs in aqueous solutions has been
investigated by Granite using small-angle neutron scattering method."* As mentioned in the
previous chapter, two models by which polymers adsorb onto CNT surface were introduced. The
first is core — chain model, where the core represents a CNT bundle and chains are the adsorbed

polymers, without any differentiation between the PEO and PPO units. The second one is core —
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shell — chains model. In this model the shell is represented by hydrophobic PPO units, while the
chains are PEO parts, emanating into aqueous solutions, core consists of the CNT bundle.

Number of aggregated polymer chains is indicated to be ~ 9 per nanotube length of 100 A."*

In this chapter the study of adsorption of F127 and F108 triblock copolymers onto double-walled
(DWCNT) bundle surface of different length is introduced. Since, the system presented here is
larger compared to the one described in the previous chapter, more powerful technique to
perform simulations is required. The coarse-grained (CG) approach, based on MD-SCF
combination'’ has been applied for the study. The purpose of the work represents the
understanding of the mechanism of adsorption at CG level of longer polymer chains, rather than

the one presented in the previous chapter.

4.3 COMPUTATIONAL METHOD

4.3.1 Models and Parameters

The CG models for F127 and F108 has been constructed in the same manner like the one
proposed by Hezaveh et al.'®"® In particular, each bead of CG model includes three (C-O-C) and
four (C(CH3)-O-C) heavy atoms for PEO and PPO, respectively.'’

CG model for CNT was constructed according to the method suggested by Lopez.”> DWCNT
model was used to perform simulations. The reason of DWCNT choice is driven due to the
incompressibility condition (see second addend of eq. 2.2.4, Chapter 2) which tries to keep the
density in the system homogeneous. In the case of simulation with single-walled nanotubes,
interpenetration of CNT layers occurred due to the hallow cores present in the structure of the
last ones. To avoid interpenetration of the CNT walls, DWCNTs has been chosen to perform
simulations. In Figure 4.1 is shown the comparison between the atomistic and CG models of
DWCNT. The outer wall, depending on length of the nanotube, consists of different numbers of
octagonal rings, which means eight coarse-grained carbon atoms are represented in each ring.
The inner wall consists of triangular layers that correspond to three coarse-grained carbon atoms
in each triangular layer. 6.6 to 1 mapping was performed in order to obtain the CG CNT model.

This means that each CG bead of carbon consists of 6.6 real carbon atoms. The CG model of
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DWCNT corresponds to the zig-zag atomistic nanotube with chiral indices m=16, n=0 for the
outer wall and m=6, n=0 for the inner wall. As for the model of water, Marrink *' CG approach

was implemented, where four to one mapping is performed to describe the model. Mass of each

united atom is 72 a.m.u.

Atomistic CG Model

i+l

Mapping Scheme

® .
® YO
®

® 2
(] L
ZT—» e
@. :
> @

Figure 4.1: Comparison between atomistic (left side) and coarse-grained (right side) models of
DWCNT. Outer wall consists of CNTs with chiral indices m = 16, n = 0, inner wall with indices
m=6, n=0. In the bottom of the figure the correspondence between atoms and effective beads is

schematized.

56



CHAPTER 4

Table 4.1 contains the labels used in the simulations for real molecule types. Detailed
information related to bond lengths, angles and corresponding force constants are reported in

Tables 4.2 and 4.3.

Table 4.1: Labels of the particles used in simulations and corresponding molecule types.

Labels for particles used Real molecule types
in simulations

O PEO

J PPO

S C - carbon atoms for the
outer wall of DWCNT

K C - carbon atoms for the
inner wall of DWCNT

w Water
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Table 4.2: Parameters for bonds’ energetic terms.

Bond Type b, (nm) Ky (kJ mol’ nm™)
0-0 0.28 8000
0O-] 0.28 6500
J-J 0.28 5000
S-S 0.47 1250
S-K 0.45 2500
K-K 0.47 1250

Table 4.3: Parameters for angles’ energetic terms

Angle Type 0, (deg) Ky (kJ mol™)
0-0-0 155 40
0-J-J 140 30
J-0-0 140 30
J-J-J 140 40
S-S-S 135 2500
K-K-K 60 2500
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4.3.2 System Setup

DWCNT bundles consisting of three nanotubes were centered in cubic boxes. Chains of

Pluronics F108 and F127 were added in order to keep the same concentration as in experimental

work performed by Granite.'* In particular, 0.5% DWCNT + 5 % F108 and 0.5% DWCNT + 4

% F127 are the concentrations considered in the simulations. The box was filled with water to

keep the concentration of 1g/cm’. The superimposed water molecules were removed from the

system. In Table 4.4 is described the size and composition of the simulated systems.

Table 4.4: Details about simulated system

System | Box Size Composition
(nm)
xX=y=z No. of No. of No. of | No. of Length of Simulation
Water | CNT bundle, length, us
Particles F127 F108 nm
chains | chains
1 33.0163 319188 72 297300 20 222
2 33.0316 322146 84 294186 20 2.30
3 26.2123 1597230 36 148779 10 3
4 26.2243 161199 42 147219 10 3
5 22.8187 104830 18 99358 4.7 2.5
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4.3.3 Simulation Details

The parallel molecular dynamics program OCCAM?** was used to execute combined MD-SCF
simulations. MD-SCF simulations have been performed using a time step of 0.03 ps with the
NVT ensemble by keeping the temperature constant using Andersen’s thermostat™ with a
collision frequency of 5 ps™'. The grid size considered in the simulations is 0.705 nm. In Table
4.5 are reported particle-field interaction parameters yxx: needed to calculate the interactions

between a particle of type K and the density fields due to particles of type K.

Table 4.5: Particle-Field Interaction parameters yxg> > RT (kJ/mol).

O J S K W
O 0.00 16.00 7.80 7.80 1.50
J 16.00 0.00 -1.60 -1.60 4.60
S 7.80 -1.60 0.00 0.00 279
K 7.80 -1.60 0.00 0.00 279
w 1.50 4.60 279 279 0.00

4.3.4 Calculation of Aggregation Number N g,

Number of aggregated chains (N,,) of pluronics on the surface of the bundle has been
calculated. The chain is considered to be adsorbed on the surface of the bundle, first, if the
distance D between the nanotube and the chain of pluronic is less than assigned in advance the

value of the radius 7. Second, if N, 1s constant during the time.

D= \/(x —x1)% + vy — yl)z + (z — z1)? (4.1).

Where D is the distance between the nanotube and the chain of pluronic; (x, y and z) and (x;, y;

and z;) are the cartesian coordinates for the nanotube and for the chain of pluronic, respectively.
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If D <, then chain is considered adsorbed on the surface of the bundle. Here » is in advance

assigned radius. N, represents the sum for all the chains that satisfy this condition.

4.4 RESULTS AND DISCUSSION

In Figure 4.2 are shown snapshots of simulations, where chains of F127 and F108 pluronics are
adsorbed on the surface of the DWCNT bundle of different lengths. Similarly, as described in
experiment'*, due to hydrophobic interactions the chains of triblock copolymers are in contact
with the bundles by their hydrophobic PPO part, while more hydrophilic PEO blocks are
extending into water. For clarity in Figure 4.2 water molecules are omitted. The mechanism of
wrapping of DWCNT bundles by the chains of the polymers is in accordance with the so called
core-shell-chain model proposed by Granite et al.'* As an example, in Figure 4.3 is presented a
bundle of DWCNT of 20 nm coated by pluronic F108. It is shown that the shell is formed by
PPO parts (labeled in green), PEO chains are protruding in water phase (shown in red) and the

core is presenting the bundle (marked in yellow and orange).
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Pluronic F127 Pluronic F108

Figure 4.2: Adsorption of F127 and F108 onto the surface of DWCNT bundle with the length of
20 nm, 10 nm and 4.7 nm. PEO part is shown in red, PPO in green and DWCNT in yellow (outer
layer) and orange (inner layer).

62



CHAPTER 4

Pluronic F108

N . PEO chains

#, PEO chains
A :

Figure 4.3: Adsorption of pluronic onto the bundle is in accordance with core-shell-chains
model, where core represents the bundle (marked in yellow for the outer layer and in orange —
for inner) (B), shell — PPO part (shown in green) (B) and chains are presented by PEO (red) (A).

Number of chains aggregated to the bundle has been estimated. It was found that number of
aggregated chains N,g, of F108 and F127 consists of 21 chains for the bundle of 20 nm in length.
These numbers are equal to 8 for F108 and 10 for F127 in the case of adsorption on the surface
of 10 nm length bundle. For the shortest length bundle, namely for 4.7 nm, N, is equal to 6
chains. These results are fitting with experimental data well,'* where 9 chains of polymers per
length of 10 nm of the bundle were observed. Table 4.6 contains the data related to N, for each

pluronic and the bundles of DWCNT of different length.

Table 4.6: Ny for pluronic F108 and F127 onto the surface of the bundle of 20, 10 and 4.7 nm

in length.
Nogg Length of the bundle, nm
20 10 4.7
F108 21 8
F127 21 10 6
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4.5 CONCLUSIONS

CG simulations have been performed based on hybrid MD-SCF method. Results obtained out of
the simulations are in a good accordance with experimental data. In particular, it was found that
the manner of adsorption of pluronics is based on attachment of pluronic chains by hydrophobic
PPO part to hydrophobic surface of the bundle and extension of hydrophilic PEO part into water
phase. N,g, per 20 nm length bundles are 21 for both, F127 and F108; N,g, per 10 nm length
bundles is 8 for F108 and 10 for F127 which fits very well the value of 9, obtained out of the
experimental data. And, finally, N,z for the shortest CNT bundle of 4.7 nm length is found to be
6. These are preliminary results describing that MD-SCF method can reproduce the data
compatible with experimental results. Further studies could be interesting to be applied to
investigate an interaction of the pluronics+bundle complex with the lipid bilayer, as a model of

cellular membrane.
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CHAPTER 5

SPONTANEOUS INSERTION OF CARBON NANOTUBE
BUNDLES INSIDE BIOMEMBRANES: A HYBRID PARTICLE-
FIELD COARSE-GRAINED MOLECULAR DYNAMICS STUDY

5.1 ABSTRACT

Due to the ability to cross cellular membranes, CNTs have been proposed to be exploited as
nano-transporters for drugs or other biologically active molecules inside the cell. Understanding
of the mechanism of CNT interactions with cellular membrane will simplify their applications
for targeted drug delivery. In order to understand these principles, first it would be efficient to
clarify how CNTs interact with pure lipid bilayer. This chapter is dedicated to the study of
spontaneous insertion of CNTs bundles inside DPPC lipid membranes. A hybrid particle-field
CG MD approach is used to describe the interactions. In particular, influence of the orientation
and the aspect ratio of CNT bundles on the membrane perturbation are taken into consideration.
The results are indicating on the perturbation of the lipid bilayer for all the studied systems.
However, the distortions are more obvious for the case of perpendicularly oriented bundles. The

poration of the membrane has been observed during the internalization of the bundle of 20 nm.
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5.2 INTRODUCTION

After being discovered, CNTs have attracted scientific attention due to their outstanding
properties and characteristics.' Indeed, their ability to cross cell membranes” opens innumerable
possibilities for biomedical applications.”* Their large surface area allows attachment of
biological molecules.”” The empty core of the CNTs provides an opportunity to exploit them as

. - . . . . . 10-11
nano-containers for drug®” or any desired biologically active molecule encapsulation.

The main difficulty of direct use of CNT is associated with their hydrophobicity and tendency to
aggregate into bundles. Such kind of aggregates may evoke cytotoxic effect and even cause cell
death in dose dependent manner. For this reason the interaction of CNTs with cellular
membranes is an extremely demanding task for investigation. Understanding of these principles
will determine any further applications of CNTs. Several studies have been performed in order to

understand the pathways of internalization.'*"

The research group of Al-Jamal'? has studied the cellular mechanism of functionalized
MWCNTs by 3D electron tomography imaging. Two types of cells — epithelial lung carcinoma
cells (A549) and human monocyte-derived macrophages (HMMs) have been considered for the
interactions with functionalized MWCNTs NH;". The results of the study suggest that the
internalizations can occur either by direct piercing of the membrane of single nanotubes or by the
wrapping of the nanotube by lipids of the cell membrane.'* Such kind of translocations for single
nanotubes was found to be energy independent, however, for the bundles or clusters of the
nanotubes this process occurred via endocytosis and required energy.'? The study of the
mechanism of uptake of SWCNTs by HMMs has been performed by Porter et al.'> Confocal
microscopy and transmission electron microscopy (TME) techniques were used for observations.
Energy dependent phagocytosis or endocytosis and passive diffusion were the pathways
observed by Porter et al.”> However, Yaron'’ and coworkers suggest that the only path, by which
internalization of SWCNT occurs, is the endocytosis and not membrane penetration. The
confocal Raman spectroscopy and fluorescence lifetime imaging (FLIM) has been applied in

order to observe the path of SWCNT internalization into the cell membrane. SWCNTSs were non-
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covalently functionalized by pluronic F127 (PF-127). It was found that PF-127-SWCNT were

localized in endosomes while interacting with HeLa cells."’

Theoretical study based on non-equillibrium all-atom steered molecular dynamics (SMD)
simulations has been performed by Gangupomu and Capaldi'® in order calculate the forces and
the free energies required for the CNT to traverse the lipid bilayer. CNT of 2 nm in length and
with the diameter of 1 nm was used in the study. The Palmitoyl, 2-Oleyoyl, Phosphatidylcholine
(POPC) with and without the presence of cholesterol has been considered. The results, obtained
by the authors, indicated on the dependence of the force, required to rupture the membrane, on
the pulling velocity of CNT insertion. In particular, the rupture force was decreasing by
decreasing the velocity of CNT. The presence of cholesterol did not affect the forces and free
energies required to puncture the membrane, however, it favored the pore formation inside the
lipid membrane.'"®  Parthasarathi®® has demonstrated the all-atom MD simulation for
investigation of dioleoylphosphatidylcholine (DOPC) perturbation by the single CNT and the
bundle, composed of seven CNTs (5, 5) of 6 nm in length. The orientations inside the membrane
for the single nanotube were parallel and perpendicular, while for the bundle only perpendicular
orientation respect to the bilayer surface has been considered. In all cases the perturbation of the
lipids and swelling of the membrane had place. However, the perturbation of the lipids was
found to be more in the case of the bundles and for the nanotube, placed in a perpendicular

. . 2
orientation. 0

In the present chapter is demonstrated the study of interaction of DWCNT bundles with DPPC
lipid bilayer. DPPC represents one of the major components of cell membranes. The structural
properties of this phospholipid have already been tested by our research group21 at the University
of Salerno. The focus of the current work is based on the understanding of CNT bundles’
interaction with DPPC lipid bilayer as a model of cell membrane. The study is carried out on the
basis of MD-SCF CG approach. Investigation of larger scale system (~ 32 nm) for a longer
simulation time (~3 ps) is provided. Influence of the orientation and the aspect ratio on the

perturbation of DPPC lipid bilayer has been studied in the present chapter.
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5.3 MODELS AND METHODS

5.3.1 Simulation Methodology

The models considered here have been developed in a hybrid particle-field scheme combining
Molecular Dynamics (MD) and Self Consistent Field (SCF). The theoretical scheme of MD-SCF

technique is described in the second chapter related to Computational Methods.

5.3.2 Simulation Details

Simulations reported here have been performed using the parallelized version of the OCCAM
code.”> All simulations have been performed with velocity Verlet algorithm using a time steep
of 0.03 ps in the NV'T ensemble by keeping the temperature constant at 325 K - temperature that
is above the transition phase at 315 K** and at which the area per lipid is close the one found out
of experimental results.”' Andersen’s thermostat® with a collision frequency of 7 ps” was used
to maintain the temperature of the system constant. The density field calculations have been
performed using grid resolution of 0.705 nm and an update frequency of 300 steps. In Table 5.1
the simulated systems and their compositions are reported. Information related to bond length,
bond angle for DPPC lipid molecule and the particle-filed interaction parameters yxx: are
reported in Tables 5.2, 5.3 and 5.4, respectively. The corresponding parameters for the DWCNT
are reported in Computational Method section of Chapter 4.
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Table 5.1: Composition of the simulated system.

System  Box length No. of No. of No. of Total No. of
[x=y=2] DPPC Water Beads DWCNT Particles
(nm)
I 16.3521 832 27829 38605
II 32.7042 3319 267088 308500
I 32.7042 3319 265541 308537
Table 5.2: DPPC bond parameters.
Bond Type b, (nm) Ky (KJ mol” nmz)
N-P 0.470 1250
P-G 0.470 1250
G-G 0.370 1250
G-C 0.470 1250
C-C 0.470 1250
Table 5.3: DPPC angle parameters.
Angle Type 0, (deg) Ko (kJ mol™)
P-G-G 120 25.0
P-G-C 180 25.0
G-C-C 180 25.0
C-C-C 180 25.0
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Table 5.4: Particle-Field interaction parameters ygx> > RT (kJ/mol).

N P G C W S

Aij

N 0.00 -1.50 6.30 9.00 -8.13 5.10
P -1.50 0.00 4.50 13.50 -3.60 9.30
G 6.30 4.50 0.00 6.30 4.50 3.90
C 9.00 13.50 6.30 0.00 40.50 2.40
W -8.13 -3.60 4.50 40.50 0.00 27.90
S 5.10 9.30 3.90 2.40 27.90 0.00
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5.3.3 Coarse-Grained Models for Carbon Nanotube, DPPC Lipid and the Molecule of Water

The CG particle-field model of DWCNT corresponds to the one described in the Chapter 4. As
for the DPPC lipid and water molecules, particle-field model has been developed considering the
CG model proposed by Marrink.”® The MARTINI*® force field has been considered as a
reference model and the parameters needed for the particle field models (such as y parameters,
see Computational Methods in Chapter 2) have been optimized in order to reproduce some
features of the reference model.

From the point of view of reduction of the degrees of freedom of biomolecular system, in a
model of Marrink? a four to one mapping is used to represent the molecules; it means that four

atoms are represented by a single interaction center. In Figure 5.1 is shown a mapping between a

real structure and the CG representation of Marrink model of DPPC and the molecule of water.

DPPC

Figure 5.1: Atomistic (left) and CG model (right) of DPPC lipid molecule, derived from
atomistic by four to one mapping.
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5.4 RESULTS AND DISCUSSIONS
5.4.1 Bundle Formation

A system of six nanotubes of length 4.7 nm in water has been simulated (system I in Table 5.1).
In the initial configuration nanotubes were placed randomly in the simulation box avoiding
superposition between them. In Figure 5.2, together with the behavior of the particle-field
potential (the first addend of eq. 2.2.4 in Computational Methods part of Chapter 2) several
snapshots are shown. A first sudden aggregation, corresponding to a drop in the particle-field
potential, between closest CNTs is obtained. The first snapshot of Figure 5.2 shows some
disordered aggregations between pairs or trimers of CNT. In particular, weak (small contact
surface) and strong (large contact surface) pairs between CNTs can be identified. During the
simulation it is possible to observe weak pairs dissociating or evolving through strong pairs.
Strong pairs when formed they are stable and promote the stable aggregation of new CNTs until
an ordered bundle is formed. It is interesting to see that when the stable contacts are formed and
dissociations do not occur this corresponds to fast drops in the particle-field potential (for
instance from the second to the third configuration of Figure 5.2) and in almost 250 ns the

formation of an ordered bundle can be observed.
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Figure 5.2: Time evolution of particle-field potential (first addend of eq. 2.2.4 in Computational
Methods part) together with some snapshots.
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Larger bundle or bundles having longer CNTs show similar behaviors, for the systems having
CNT bundles interacting with lipid bilayers and reported in the next subsection, ordered bundles
have been constructed from the beginning of the simulation and equilibrated in water. The
configurations obtained in this way are stable and have been used for simulations described in

the following section.
5.4.2 Bundles Insertion into Lipid Bilayers

In Figure 5.5 the time behavior of the center of mass position and orientation of a bundle of six
CNTs 4.6 nm long are reported. In particular, for the system in Figure 5.5 and for all the other
reported in the present chapter, the position of the center of mass of the bundle is reported taking
as zero the average z coordinate of phospholipids in the first layer.

The orientation of the CNT bundle, as schematized in Figure 5.3, is calculated considering the
angle of the bundle axis with respect to the z direction perpendicular to the bilayer plane. In

particular, the order parameter P,(t) has been reported calculating the second order Legendre

1
_ 2
polynomial ©2 (1)= 5 €08 @)~ 5 - Values of P close to one indicate a parallel or antiparallel

orientations, values close to -0.5 indicate a perpendicular orientation.

BILAYER BILAYER

Figure 5.3: Definition of the CNT bundle orientation with respect to the lipid bilayer plane.
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r Head Oreintation

Figure 5.4: Definition of the DPPC orientation with respect to the z axis perpendicular to the
lipid bilayer plane. In the figure the typical orientations in the equilibrium configuration of a
lipid bilayer in the upper and lower layer (on the left) and when the bilayer structure is perturbed
by a CNT bundle in parallel (center) and perpendicular orientation (right) are depicted. A vector
joining beads of type G and N (depicted in red) is used to define the lipids orientation along the z
axis.

As shown in Figure 5.5 A, from the beginning of the MD simulation there is a decrease of the
CNT height toward the hydrophobic region of the lipid bilayer. In particular, after about 120 ns
the insertion of the CNT bundle inside the hydrophobic region is completed. As shown in Figure
5.5 C, there is no strong correlation between CNT height with respect to the lipid bilayer and its
orientation. Due to the low aspect ratio of the CNTs (their length is 4.6 nm) the orientation of the
CNT bundle is very variable. (see also Figure 3.5 A). During the simulation the intermolecular
potential reported in Figure 5.5 B (eq. 2.2.4 in the particle-field approximation, see

Computational Methods part in Chapter 2) shows a fast and monotonic decrease up to 150 ns.
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Figure 5.5: System I. Time behavior of A) CNT bundle center of mass height (blue curve) and
orientation (P,, red curve); B) Particle field potential (second addend of eq. 2.2.4 in
Computational Methods part) C) correlation between center of mass height and bundle
orientation together with some snapshots.

In order to analyze the distortions of the lipid bilayer during the insertion process two
geometrical quantities have been considered. In particular, the deviation from the equilibrium
lipid height (Az) and the value of the cosine of the angle 0 between the lipid and the z axis as
defined in Figure 5.4. Both Az and cos@ have been averaged on a lattice made of 8x8 cells. In
every cell, on average, there are 6.5 lipid/layer. For the larger systems (II and III), considered
later, a grid of 16x16 with the same cell size (about 2 nm) and the same average number of

lipid/layer has been used for the analysis.

In Figures 5.6 the deviation from the equilibrium height for upper (top of Figure 5.6 A) and
lower layers of lipids (bottom of Figure 5.6 A) and the orientation of DPPC molecules with
respect to the z axis in the upper (top of Figure 5.6 B) and lower layers (bottom of Figure 5.6 B),
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as defined in Figure 5.4, are reported for different configurations. In the center the corresponding
configurations of CNT bundle are depicted in both Figures 5.6 A and 5.6 B. As shown in the
plots of Figure 5.6 A, the larger perturbation on the lipids height on both upper and lower layer is
obtained between 105 and 118 ns, during the insertion process of the CNT bundle with a
deviation in the lipids height between 1 and 1.5 nm. This behavior is clearer comparing the plots
of Figure 5.6 A and the simulation snapshots reported in Figure 5.5 C. A similar behavior is
obtained for the lipids orientation, in particular, as shown in Figures 5.6 B in the upper layer in a
region localized close to the CNT bundle, for configurations between 118 and 150 ns the lipid
orientation is about 90° with respect to the z axis. When the CNT bundle approaches the lipid
bilayer large distortion of the lipids heights and orientation occur. The lipids closer to the CNTs
of the bundles tend to be adsorbed on the CNT surface and to orient pointing the hydrophobic
carbon tails towards and to expose the polar heads to the water phase. As shown in the following
this is a common process in all the considered systems. A schematization of this behavior is

depicted in Figure 5.4.
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DW-CNMT 4.6 nm

0
x (nm)

DW-CNT 4.6 nm

Ons

5 o
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Figure 5.6: System 1. A) Deviation (Az) from the equilibrium height for upper (top of figure) and
lower lipid layers (bottom of figure) for different configurations. B) Lipid orientation cos 0. In

the center of both figures A and B the corresponding configurations of CNT bundle are depicted.
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In the following simulation results involving four systems having CNT bundles of larger aspect
ratios will be reported. In particular, the insertions of bundles made of CNT of length 10 and 20
nm starting from parallel and perpendicular orientation of the bundle axis with respect to the

bilayer plane have been simulated.

In Figure 5.7 main results of the insertion of the bundle made of CNTs of 10 nm length are
summarized (system II). Similarly to the system with shorter CNTs, from the beginning of the
MD simulation there is a decrease of the CNT height toward the hydrophobic region of the lipid
bilayer. Differently from the system with shorter CNTs, where basically no correlation between
bundle height and its orientation is found, here a parallel orientation with some small deviation
during the insertion process (see Figure 5.7 B) is found. Also in this case, during the simulation
the intermolecular potential (eq. 2.2.4 in the particle-field approximation, see Computational

Methods part, Chapter 2) shows a fast and monotonic decrease up to 150 ns.
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Figure 5.7: System II (bundle in parallel orientation). Time behavior of A) CNT bundle center
of mass height (blue curve) and orientation (P, red curve); B) Particle field potential (second

added of eq. 2.2.4 ) C) Correlation between the center of mass height and the bundle orientation
together with some snapshots.

The distortion of equilibrium height of lipids is larger. In particular, a region with a displacement
close to 2 nm (see Figure 5.8 A) has place in this case. The lipid orientation is more perturbed, as
well, with respect to the system with shorter CNTs. Namely, the region where the orientation is

almost perpendicular is larger with a central part where the average value of the cos0 is zero (see

Figure 5.8 B).
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Figure 5.8: System II (bundle in parallel orientation). A) Deviation (Az) from the equilibrium
height for upper (top of figure) and lower lipid layers (bottom of figure) for different
configurations. B) Lipid orientation cosf. In the center of both figures A and B the
corresponding configurations of CNT bundle are depicted.
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During the simulation, having as starting configuration the CNT bundle oriented in perpendicular

orientation it is possible to observe spontaneous insertion. The process is slower (about 200 ns

against less than 100 ns for the parallel orientation). Comparing the plots of Figure 5.9 A and C

and the snapshots reported in Figure 5.9 it is possible to observe that the insertion involves

mechanism a concerted insertion/rotation of the bundle. The perturbation of both lipid heights

(with a region with Az from 1 to 3 nm) and orientation (strong perpendicular orientation) is more

localized but stronger than the one obtained with the bundle in parallel orientation.
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Figure 5.9: System II (bundle in perpendicular orientation). Time behavior of A) CNT bundle
center of mass height (blue curve) and orientation (P,, red curve); B) Particle field potential
(second added of eq. 2 ) C) correlation between center of mass height and bundle orientation

together with some snapshots.
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Figure 5.10: System II (bundle in perpendicular orientation). A) Deviation (Az) from the
equilibrium height for upper (top of figure) and lower lipid layers (bottom of figure) for different
configurations. B) Lipid orientation cos0.In the center of both figures A and B the
corresponding configurations of CNT bundle are depicted.
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As shown in Figure 5.11, the behavior of the system having a bundle made of CNTs long 20 nm
(system III) is similar for both parallel and perpendicular orientations of the bundle. In
comparison with the system II (CNTs 10 nm long), the insertion of bundle parallel to the bilayer
is slower (Figure 5.11 A) and the orientation of the bundle is more strictly parallel (Figure 5.11

C) to the bilayer plane during the entire insertion process.

>

Distance (nm)
of C.M. CNT from upper layer of DPPC

1,0

DW-CNT 20 nm
Parallel position ) g

0,6

Figure 5.11: System III (bundle in parallel orientation). Time behavior of A) CNT bundle center
of mass height (blue curve) and orientation (P,, red curve); B) Particle field potential (second
added of eq. 2.2.4, see Computational Methods part ) C) correlation between center of mass
height and bundle orientation together with some snapshots.
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Figure 5.12: System III (bundle in parallel orientation). A) Deviation (Az) from the equilibrium
height for upper (top of figure) and lower lipid layers (bottom of figure) for different
configurations. B) Lipid orientation cos0.In the center of both figures A and B the
corresponding configurations of CNT bundle are depicted.
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As shown in Figure 5.12 A in this case, the region having large lipid displacement is larger and
comparable with CNTs length. In the plot of Figure 5.12 A corresponding to the configuration at
37.8 ns it is possible to observe a region with a displacement between 2 and 3 nm. A similar
behavior can be observed (see Figure 5.12 B) also for lipids orientation during the insertion

process.

The insertion process involving a CNT bundle in perpendicular orientation is the one showing
the largest perturbation on the structure of the lipid bilayer. In particular, as shown in Figure 5.13
A and C, the concerted insertion/rotation of the CNT bundle is slower than the corresponding
process for system II having shorter (10 nm) CNTs. From the snapshots reported in Figure 5.13 it
is clear that there is a large displacement of lipids towards the CNT wall. This displacement and
the corresponding orientation of lipids pointing toward the CNT surfaces the hydrophobic carbon
tails is able to minimize the contacts between the CNT surface and the water phase. Differently
from other systems considered here, in this case the intermolecular interactions (see the behavior
of particle-field potential reported in Figure 5.13 C) does not show a monotonic decrease, but

between 100 and 200 ns shows a local maximum.
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Figure 5.13: System III (bundle in perpendicular orientation). Time behavior of A) CNT bundle
center of mass height (blue curve) and orientation (P,, red curve); B) Particle field potential
(second addend of eq. 2.2.4, see Computational Methods section, Chapter 2 ) C) correlation
between center of mass height and bundle orientation together with some snapshots.

The displacement of lipids is quite large in comparison with the systems with shorter CNTs. In
particular, as reported in the plots of Figure 5.14 A the value of Az can be also as large as 7 nm.
These strong perturbations involve also the lower layer. The orientation of lipids is strongly

perpendicular corresponding to time interval between 105 and 141 ns (see Figure 5.14 B).
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Figure 5.14: System III (bundle in perpendicular orientation). A) Deviation (Az) from the
equilibrium height for upper (top of figure) and lower lipid layers (bottom of figure) for different
configurations. B) Lipid orientation cosf.In the center of both figures A and B the
corresponding configurations of CNT bundle are depicted.
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In Figure 5.15 snapshots showing the coating process of lipids toward the CNT surfaces are

shown.

Figure 5.15: Snapshots showing the coating process of lipids attached to the CNT surfaces.
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Figure 5.16: A) Process of pore formation inside the lipid bilayer during the insertion process of
a bundle made of CNTs long 20 nm. B) The lipid orientations corresponding to micelle in water
around the CNTs (inset on the left side) and reverse micelle (around the pore including water)
aggregates (right side) are highlighted.

Another interesting aspect is the formation of a transient pore in the lipid bilayer during the
insertion process of the CNT bundle. In particular, as shown in Figure 5.16 A, starting from the
configuration at 123 ns a poration inside the bilayer can be observed. In the figure in yellow the
water beads are reported. In this way it is possible to observe water permeation inside the pore
with a maximum amount of water for the configurations around the one at 145 ns. Interestingly,
this time corresponds to the maximum of particle-field potential (see Figure 5.13 B). In the
Figure 5.16 B the structure of the water pore and the arrangement of lipids on the CNTs surface
and around the pore percolated by water are highlighted. In particular, the arrangement on CNT
surface is typical of phospholipids at low concentration in water (micellar phases), while the

ones around the pore inside the hydrophobic region of the bilayer are closer to the one obtained
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at high lipid concentration (reverse micelles) having lipids forming reverse micelles with water

inside.

5.5 CONCLUSIONS

In all considered systems it has been possible to observe spontaneous insertion of bundles made
of CNTs of different lengths ranging from 4.6 to 20 nm. In all cases the insertion process causes
distortions in both lipid height and orientations. In particular, during the insertion process lipid
molecules tend to coat bundles’ surfaces and this causes an increase of the average lipids heights
in both upper and lower lipid layers. The lipids closer to the bundle tend to orient their carbon
tails toward the hydrophobic surfaces of CNTs. These distortions are more pronounced for
systems having long CNTs and oriented perpendicularly to the bilayer surfaces. In all cases these
distortions are transient and they become minimal when the CNTs forming the bundle rearrange
inside the hydrophobic region of the lipid bilayers. Interestingly, in the case of the bundle made
of CNTs long 20 nm it has been possible to observe a transient poration of the lipid bilayer and a

subsequent water percolation through the bilayer.
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CHAPTER 6

ATOMISTIC SIMULATIONS OF CECROPIN A - MAGAININ 2
HYBRID PEPTIDE IN WATER SOLUTIONS

6.1 ABSTRACT

Antimicrobial peptides are promising alternative to traditional antibiotics for the battle against
new antibiotic resistant bacteria strains and cancer. Therefore it is important to understand their
structural and dynamical properties under physiological conditions. In this chapter, the effects of
temperature, ionic strengh and solute concentration on these properties for the antimicrobial
hybrid peptide Cecropin A — Magainin 2 have been studied by MD simulations. The results of
the simulations indicate on dependence of the residual amount of secondary structure (a-helix)
with the ionic strength of the solution. More relevant stabilizing effect on the secondary structure
was also observed with the raise of the peptide concentration that significantly reduce the
unfolding kinetics of the a-helix structure present in the peptide at the beginning of the

simulations.
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6.2 INTRODUCTION

Peptides with antimicrobial activity are found in a broad variety of organisms, including
mammals, amphibians, and insects."” It has been recognized that these peptides play an
important role in the host defense system and its innate immunity. For this reason, they are
considered as possible alternative to traditional antibiotics for the battle against new drug

19 In the quest for new peptides with improved

resistant bacteria strains and cancer cells.
antibacterial and anticancer activities but without toxic effects on healthy eukaryotic cells, the
use of systematic combinatorial methods resulted in the synthesis of hybrid peptides.''™"* Among
these new artificial peptides, those from the combination of the Cecropin A (CA) and the

Magainin 2 (MA) peptide, have shown promising anticancer and antibacterial activity.'' "

CA is a 37 amino acids antimicrobial peptide present in the hemolymph of Hyalophora cecropia
pupae, >+ 121418 and MA is 23 amino acids long peptide extracted from the skin of the African
clawed frog, Xenopus laevis."*>"'"'* Both, CA and MA have strong lytic activities against Gram-
positive and Gram-negative bacteria without toxic effects against eukaryotic cells, such as
human erythrocytes."**> Among the different hybrid peptides derived from CA and MA
peptides, the one composed with the residues 1-8 from Cecropin A and the residues 1-12 from
Magainin 2 (KWKLFKKI-GIGKFLHSAKKF-NH;) showed better antibacterial and antitumor
activity rather than the original CA or MA peptides.'>'*? The structure of the CA-MA peptide
in solution was studied by NMR and Circular Dichroism (CD) for the peptide concentrations of
100 pg/ml."**'** The CD spectrum has shown that for CA-MA in phosphate buffer, the a-helix
percentage is as low as 5.9 % while in 50 % trifluoroethanol (TFE) and 30 mM sodium
dodecylsulphate (SDS) it increases up to 54.4% and 14.1%, respectively.”> The available NMR
structures of CA-MA hybrid peptide in dodecylphosphocholine micelles consists of two helices

19,22

that are separated by a flexible hinge region containing G9-110-G11 sequence. This sequence

is known to be flexible and plays an important role in providing the conformational flexibility

required for ion channel formation in cell membrane.'***

Experimental results suggest that
although the o-helical propensity of antimicrobial peptides can play a significant role in

bactericidal and tumoricidal capabilities, the amount of a-helical content does not correlate with
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their antibacterial and antitumor activities.”> Indeed, some experimental works have found out
that antibiotic and antitumor activities of CA-MA, mostly, depend on the presence of G9-110-
G11 hinge region.'”” This amino acid triplet in the middle part of the peptide provides
conformational flexibility, which is relevant for antibiotic activity. In fact, deletion or
substitution of G9-110-G11 by G9-P10-G11 sequence resulted in decrease of bactericidal rate in

B.subtilis and E.coli and anti-cancer activity against four different cancer cell lines.'**

To understand the interaction mechanism with the cell membrane and to design delivery systems
for this and other antibiotic peptides, it is relevant to know how ionic strength, temperature and
peptide concentration influence structural and dynamical behaviors of the peptide in solution.
Therefore, the aim of this work is to study the behavior of the CA-MA hybrid peptide in aqueous
media at different ionic strength conditions, temperatures and peptide concentrations using MD
simulations. MD is so far the best method to study disordered structures of peptides and small
proteins in solution and, nowadays, it is possible to easily access time scales of several hundred
nanoseconds at which these phenomena become interesting. In particular, single CA-MA peptide
in pure water, in the presence of 150 mM NaCl (close to the concentration in the human blood
plasma23) and at the temperatures of 300 and 310 K (37 °C, the average temperature of the
human body). Recent computational studies have suggested the importance of the peptide
aggregation in driving mechanism of pore formations in lipid bilayers.%25 Therefore,
simulations with four CA-MA peptides have been additionally performed, keeping the same
temperature and ionic strength conditions, as for the single peptide simulations, with the aim to

understand how the peptides aggregate.

The chapter is organized as follows. In the Material and Methods section, the technical details of
the MD simulations are provided. Thereafter, the results obtained out of the simulations of single
and four CA-MA peptides in different conditions are reported. In the Discussion section, the
results will be compared with the available experimental results and other simulations study on
similar peptides. Finally, the summary and outlook of the work will be provided in the

Conclusions section.
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6.3 MATERIAL AND METHOD

6.3.1 System Setup.

The starting coordinates of CA-MA hybrid peptide have been obtained from the average NMR
structure of the peptide in trifluoroethanol-containing aqueous solutions (Protein Data Bank,
entry code 1D9J).*' The Simple Point Charge (SPC) model of water was used in all the
simulations.”® The GROMOS54a7*" force field parameters were used for the modeling of the
atomic interactions. The peptides were centered in cubic boxes of size 10 nm and the empty
space was filled with water molecules by stacking an equilibrated box of 216 water molecules.
The water molecules within 0.25 nm from the solute atoms were removed. Cl” counter ions were
added to keep the system neutral for the simulation boxes with 1 and 4 CA-MAs. Two set of
simulation at different ionic strength were performed. In the low salt concentration (LSC)
simulations, only Cl- ions were added to neutralize the positive charges on the peptide and
neutralize the simulaton box. For the simulations at high salt concentration (HSC), extra Na' and
CI ions were added to obtain a final concentration of ~150 mM (comparable to the concentration

in the human blood serum™).

In addition, three simulation boxes with only NaCl solutions at the same concentrations as for the
peptide systems were prepared to analyze the effect of the peptides on the dynamics properties of
the ions. In Table 6.1, a summary of the composition and temperature conditions of the simulated

systems is reported.
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Table 6.1: Summary of the composition and temperature condition of the simulated systems.

Simulation  N° of N°of Water N° of Na* N° of CI' T (K)

Name Peptides molecules ions ions
1 1W300 1 33082 0 8 300
2 11300 1 32906 88 96 300
3 11310 1 32906 88 96 310
4 4W300 4 32683 0 32 300
5 41300 4 32509 87 119 300
6 41310 4 32509 87 119 310
7 W300 0 33155 8 8 300
8 1300 0 33264 88 88 300
9 1310 0 33264 88 88 310

102



CHAPTER 6

6.3.2 MD Simulations.

MD simulations were performed using GROMACS (version 4.5.5) software package. The
LINCS algorithm®® has been applied in order to constraint the bond lengths during the
simulation. The integration time step was set equal to 2 fs. The temperature and pressure were
maintained to the reference values (T=300 and 310 K, P=Ibar) using the Berendsen thermostat
and barostat” with coupling time constant of t=0.1 ps for temperature and 1,=0.5 ps for
pressure, respectively. The isothermal compressibility of 4.5x10” bar” was used for all the
simulation. Particle mesh Ewald (PME) method®® was applied for the long-range interactions
with a real space cutoff of 1 nm, a Fourier mesh spacing of 0.12 nm. The Lennard-Jones
interactions were calculated using the cutoff of 1.4 nm. Description of the peptides in current
simulations is related to experimental value of pH equal to 7. All the systems were energy
minimized using steepest descent algorithm of at least 1000 steps in order to relax the system and
remove too close contacts among atoms. Hence, the systems were gradually heated from 50 K up
to the simulation temperature in 1 ns of simulation. After equilibration MD simulations were run
for 500 ns for all the systems. Reference simulation box of water and NaCl only of the same

concentrations as those with peptides were run for 10 ns.

6.3.3 Analysis of the Trajectories.

The VMD (version 1.9.1)’' program was used to visualize the trajectories and create the figures
in the thesis. Gromos clustering method®* of the peptide conformations has been used to analyze
the structural changes during the simulation. In this work a cutoff criterion of 0.25 nm on the
backbone root mean square deviations (RMSD) among all the conformations in a trajectory is
used to classify the structures in different clusters. A total of 10000 structures, sampled every 50
ps from the 500 ns trajectories, have been used for the analysis. The conformation with the least
deviation from the other structures in the same cluster is considered as the representative one

(median structure) of the cluster.

Secondary structure analysis has been performed referring to Kabsch and Sander’s algorithm™

and the diffusion coefficients were calculated using Einstein’s relation.**
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The radial distribution functions (RDFs) for the specific ion are calculated with respect to C-a
atom of each amino acid residue and represented all together as two dimensional “heat” maps. In
this representation the x-axis represents the distance from C-o atoms, the y-axis — the amino

acids and the colors in these plots codify for the values of the RDF curves.

6.4 RESULTS

6.4.1 Structure of the Isolated Peptide in Solution

Figure 6.1 shows the changes of the CA-MA peptide secondary structures in pure water, 150
mM NaCl solution at T=300 K and 310 K during the simulation time. The percentage of
secondary structure for the last 250 ns has been calculated and the data are presented as
histogram bars plot on the right side of the figure. For the simulation 1W300 (Figure 6.1, top), a
sharp decrease of a-helix structure for the first 15 amino acids occurs in the first 20 ns followed
by the formation of B-hairpin conformation until the end of the simulation. The increase of the
salt concentration reduces the kinetics of unfolding (Figure 6.1, second plot), with the results that
the average helical content is 2.5 times higher than in the low salt concentration simulations.
Finally, the increase of the temperature till 310 K resulted in irreversible loss of a-helicity also in
the region 15-20 (see Figure 6.1, third plot). In this case the peptide has high contents of B-sheet,
but very low contents of a-helix (see right side of Figure 6.1). The low amount of a-helix is in
qualitative agreement with experimental CD data on the conformations of the peptide in

13:1922 1 particular, the occurrence of 5.8 % of a-helicity in the case of simulation of the

solution.
single peptide in water (Figure 6.1, first chart, violet column bar), is consistent with the value of
5.9 % reported from CD measurements of the CA-MA peptide in 10 mM sodium phosphate
buffer (pH 7.2) at 25°C.”> However, to the best of our knowledge, no experimental data of the
peptide in high salt concentration has been reported in literature. Our model suggests that at 300
K and higher salt concentration rather than experimental the peptide retains more o-helical

structure than at LSC. However, at HSC and 310 K (physiological conditions) the o-helix
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disappears almost completely. Interestingly in all the simulations, the dominant secondary
structure is the B-strand. We suppose that this conformation might be favorable for the peptide in

aqueous solutions after being unfolded from its initial a-helix conformation.
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Figure 6.1: Secondary structures changes during the time for single peptide simulation in water
at T=300 K (first plot), 150 mM NaCl solution at T=300 K (second plot) and at T=310 K (third
plot). At the right side from the plots are shown percentages of average secondary structure for
the corresponding simulations.

Cluster analysis has been performed for all single peptide simulations. In Figure S1 of
Supporting Information (SI) the cumulative number of cluster is reported. In all the simulations
the number of cluster converges to plateau (which means that there are no any new clusters), but
at different simulations times. For the simulation 11300 (red curve), the curve plateaus at 69
clusters after 150 ns. At higher temperature (green curve) a larger variety of conformations are
generated and the curve start to plateau at 150 clusters after 250 ns. However, for the LSC
simulation at low temperature (black curve), a temporary convergence at 69 clusters is observed
and then it increases again to final plateau of ~125 clusters after 400 ns. In Figure 6.2, all

representative structures (RS) of the first 5 clusters are reported. For the system 1W300, the most
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abundant cluster contains 28% of total conformations with the median (representative) structure
at time of 153 ns (see Figure 6.2, first column). The structure includes residues at positions L4,
F5 and G9, 110 that form two B-strands with the turn region at positions K6, K7 and I8. A -
bridge is also observed at both N and C-terminals, including residues W2 and K19. The rest of
the residues of the peptide adopt turn or bend structures. The second cluster contains 13.7% of
the total conformations with the representative structure at 409 ns. The main secondary structure
in the cluster consists, mainly, of two B-sheets, separated by turn. Finally, clusters 3, 4 and 5
contain together about 15% of total conformations. N-terminal region of the median structure of
cluster 3 are shows random coil conformation, while the last 4 C-terminal residues form a a-
helix structure, including last 4 amino acid residues. Median structures of clusters 4 and 5
present B-sheet secondary structure in the N-terminal regions and by B-turns in the middle. C-
terminal region is composed of the residues forming a-helix for the cluster 4 and B-bridge for the
cluster 5.

The population of conformers in the simulation 11300 is represented by 71 % of total conformers
by the first cluster (Figure 6.2, second column). The representative structure consists of a -
hairpin with two B-strands at positions K3, L4 and K12, F13 and o-helix at the C-terminal
residues 15 — 19 (HSAKK). The clusters 2-5 contain in total only ~12.24 % of the total
conformations and are populated in similar amount (~3%). The representative clusters show an
abundance of beta-strands structures with the exception of cluster 2 and 5 in which a segment of
a-helix is present at positions 13-19 (FLHSAKK) and 10-14 (IGKFL), respectively.

In the third column Figure 6.2, the representative cluster structures for the system 11310 are
reported. The population in the different clusters resembles the one from the 1W300 simulation.
They have similar secondary structure composition. In particular, the presence of B-sheet formed
by the residues at positions 4-8 (LFKKI) and 13, 14 (FL) with bend and turn regions in between.
Amino acid residues localized near to the C-terminal for the structure of cluster 1 are in bend and
turn conformations, whereas for the structure of cluster 2 amino acid residues are mostly in
random coil conformations. For cluster 3 the representative structure is, mostly, random coiled
with the exception of residues at positions 5 — 8 (FKKI) that form o-helix. The last two

representative structures of clusters 4 and 5 are mainly in a-helical conformations. These
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structures represent by themselves conformations of the peptide corresponding to the time frame

of 44 and 48 ns, when the peptide still is in a-helix (see Figure 6.1 third plot).

Cluster No.

1 821 28 % 1% @v 28.8 %
) 153 ns 335 ns 285 ns

2 - 13.7% % 3.6% 8.5%
409 ns 71 ns 425 ns

3 5.54 % 3.35% @ 5.1%
(? 76 ns & 425 ns 101 ns

4 @ 5.39% /@ 3% E 51%
478 ns 358 ns 44 ns
5 [% 5% Q 2.29% é 41%
340 ns 23 ns 48 ns

Figure 6.2: First five representative structures obtained from cluster analysis out of the
simulation of CA-MA hybrid peptide for the systems 1W300, 11300 and 11310. Color code for
the amino acids in chain: K — blue, W — red, L — pink, F - magenta, I — green, G — violet, H —
orange, S — yellow, A — cyan. Here N-terminal that starts with L is marked in blue, C — terminal,
that has F is labeled in magenta.
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Distribution of Ions around the Peptide. In Figure 6.3 the graph representing the RDFs of the
Na', CI ions and of the oxygen atoms (O,,) of water molecules are presented. The positions of
the peaks of the RDF for the Cl" ions show a tendency to bind the positively charged peptide. In
particular, the CI ions tend to localize in correspondence of the positively charged amino acids at
positions 6, 7, 18, 19, at both 300 K and 310 K. In comparison, the RDFs for Na' and water
oxygens do not show high localized peaks around the peptide.
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Figure 6.3: RDFs for the CI, Na" and Oy, respect to each residue of CA-MA peptide in 150 mM
NaCl solutions at T=300 K (left) and T=310 K (right). The interval of color code for the RDFs
starts from 0, the lowest value (shown in blue), up to 2.4 nm, the highest value (shown in red).
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In Figure S2 of the SI, the Cl/Na" ratios (calculated for each amino acids using the number of
ions within 1.5 nm) at low (blue curve) and high temperatures (red curve) compared the total
box ratio (bulk ratio, black line) are reported. The ratios show that the average concentration of
the CI ions is 6.4 times larger than the bulk phase, which points out again on preferential binding
of CI ions in comparison to the Na" ions.

The diffusion coefficients of the ions have been calculated with and without the presence of
peptide and the data is reported in Table 6.2. The presence of the peptide does not significantly
change the value of diffusion coefficients for Na', CI" and Oy. For the CI” ions diffusion

coefficients are slightly higher than for Na’ ions. Diffusion coefficient increases with the

increase of the temperature for all studied cases.

Table 6.2: Diffusion coefficients for Na* and CI ions in different conditions.

D (10”° cm’/s) 13 mM Cl-, | 150 mM | 150 mM
T=300 K NaCl, T=300 | NaCl,
K
T=310 K
Without peptide
1.98 £0.33 1.92 £0.04 2.12+£0.34
Na®
1 peptide 1.82 +£0.02 2.16 £0.05
4 peptides 1.69 £ 0.04 2.19+0.01
Without peptide 2.65+£0.33 2.22+0.42 2.82+£0.30
Cr
1 peptide 2.78 £0.41 2.52+0.10 2.8+ 0.01
4 peptides 2.17+0.08 2.14+0.01 2.57+0.13
Without peptide 4.54 +0.003 4.41+0.02 5.14 £0.001
0, 1 peptide 4.49+0.01 4.37£0.005 5.12£0.04
4 peptides 443 +0.02 426+ 0.01 5.027 £ 0.03
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6.4.2 Peptide Aggregation.

Structural Properties of the Peptide. The effect of concentration on the structural and dynamical
properties of CA-MA has been studied by simulation of 4 peptides in water solutions, keeping
the same conditions as for the single peptide. In Figure S3 of SI the secondary structure
variations along the simulations 4W300 are reported. Peptides 1 and 4 retain most of the o-
helicity for all the simulation time. The peptide 2 loses the a-helical content after 430 ns and the
peptide 3 after 85 ns. Figure 6.4 reports a quantitative analysis of the secondary structure for the
last 250 ns. In the simulations, the concentration of the peptides is higher than in the
experiments. This may explain the observed aggregation of the peptides during the simulations.
In Figure 6.5 the minimum distances among the peptides using only the backbone atoms only are
reported. The distance variations in Figure 6.5 A show the formation of two aggregation
complexes one involving peptide 1 and 4 after 30 ns, and the other peptide 2 and 3 after 430 ns,
respectively. It is interesting to note that for the 1-4 peptide complex the loss of a-helix structure
is less in comparison to the 2-3 complex. It is evident that the peptide aggregation is playing a

role in the stabilization of the peptide a-helix structure by delaying the unfolding kinetics.
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Figure 6.4: Percentages of average secondary structure for the simulation of 4 CA-MA peptides
in water at T=300K (A), in 150 mM NaCl solution at T= 300 K (B) and at T =310 K (C) for the
last 250ns.
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Figure 6.5: At the left side the minimum distance vs. time between the backbones of the
peptides simulated in the system 4W300 (A), 41300 (B) and 41310 (C) are shown. At the right
side representation of peptide aggregated conformations from the simulation 4W300, 41300 and
41310, respectively, are presented. In licorice are highlighted amino acids, involved in contacts
between the peptide pairs.
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In the 41300 simulation (Figure 6.5 B), an aggregate of three peptides is formed at the end of the
simulation. Peptide 2 and 4 are forming an aggregate almost from the beginning of the
simulation, and, after 90 ns, also the peptide 3 joins the complex (see Figure 6.5 B). Also in this
case the aggregation prevents the unfolding of the initial a-helix structure (see Figure 6.4 B,
violet bars and Figure S4 SI), but more effectively than for the peptides at LSC (Figure 6.4 A and
Figure S3 in SI). These results suggest that high salt and peptide concentration can cooperatively

stabilize a-helix structure in this peptide.

The increase of the temperature by 10 K results in a loss of a-helicity and favors formation of f3-
sheet (Figure S6 SI and Figure 6.4 C). In this case two aggregates are formed by peptide 1 with
peptide 4 after 150 ns, and by peptide 2 with peptide 3 after 250 ns (see Figure 6.5 C).
Interactions between the peptides for all studied systems occur, mostly, involving aromatic
residues. In particular, between F13 — F13 and W2 — W2 for the peptide 1 and peptide 4 in the
case of LSC simulation at 300 K (Figure 6.5 A, right side); between F5 — F20 — F20 for the
peptides 2, 3 and 4, and W2 — W2 for the peptides 2 and 3 in the case of HSC simulation at 300
K (Figure 6.5 B, right side) and, finally, between H15 — F13 for the peptide 1 and peptide 4, F13
— F13 for the peptide 2 and 3 in the case of HSC simulation at 310 K (Figure 6.5 C, right side).

In Figure 6.6, the cumulative numbers of cluster along the different simulations for the case of
high peptide concentration are reported. In the system 4W300, the number of clusters for
peptides 1, 3 and 4 converge to different number of clusters (54, 85 and 25) at different
simulation times, 350 ns, 120 ns and 25 ns, respectively. On the contrary, the number of clusters
(red curve) for the peptide 2 is constantly growing along the simulation to reach the highest value
of 222 clusters at the end of the simulation. Figure 6.8 B shows cumulative numbers of clusters
vs. time for the system 41300. Also in this case, three peptides evidenced a convergence to a
plateau with the range number of clusters (40-78) comparable to cluster convergence plateaus in
the 4W300 simulation. The peptide 4 (blue curve) converges after 150 ns to the lowest number

of clusters (9) plateau.
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Finally, for the system 41310 (Figure 6.8 C), the minimum number of clusters 58 (peptide 1) is
higher than the other two systems due to the higher temperature (black curve). Three of the
peptides (1, 2 and 3) reach after ~200 ns a stable plateau. The number of clusters for the peptide

continues to grow till the end of the simulation time.

The behavior of the curves for the case of high peptide concentration simulations compared with
the one from single peptide simulations (see Figure S1 SI) is similar. In particular, the minimal
number of clusters among the 4 peptides for the system 4W300 is above 20, for the system 41300
— above 8 and for the system 41310 — above 50 (see Figure 6.6). In the case of the single peptide
the highest number of cluster is received for the system 11310, which is similar to the system
41310. Less numbers of clusters are in the case of 1W300 that is comparable with the system of
4W300. Finally, the least number of clusters has been obtained for the system 11300 and this is
compatible with the results for the system 41300.
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Figure 6.6: Cumulative number of clusters vs. time for the 4 CA-MA peptides simulations in
different conditions.
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In Figure 6.7 the representative structures of the most abundant cluster for each peptide in the
different simulations are reported. If we compare structures, it can be observed that in 4W300
simulation, the peptides are mostly uncoiled, except the peptide 4, which sustains its a-helical
content. However, in the 41300 simulation, the peptides better preserve their initial helical
content. Finally, for the 41310 simulations the representative structures are mostly forming -

sheets, except the peptide 4, which is partially keeping helicity.

Peptide
No.
1
32 % ‘ 26 % 64 %
> 3
464 ns 55 ns -) 306 ns
2 @/ 10.5 % & 42 % @ 38 %
135 ns 7 357 ns i 491 ns
3 51 % 48 % ({ 36 %
g y
fl‘ 309 ns 407 ns ﬁ 332 ns
4 L 54 % 4 92 %, 18 %
/é 165 ns Jé 363 ns @\ .

Figure 6.7: Representative structures obtained from the cluster analysis out of the simulation of
4 CA-MA hybrid peptides in water at T=300 K, in 150 mM NaCl at T=300 K and at T=310 K.
The color code is the same as in the case of simulation of single peptide (see Figure 6.2).
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Distribution of Ions around the Peptides. In Figure 6.8, the RDFs of the ions around the each
residues of 4 peptides simulation in HSC at 300 K are reported. The CI ions tend to accumulate
around the peptide 2, 3 and 4 depleting ions from the peptide 1 that does not aggregate. This
effect is quantitatively shown by the CI/Na" ratios in Figure S5 in SI that is higher for the
peptides 2, 3 and 4 in comparison with the peptide 1. The ratios also show that for the peptide 1
the highest values correspond to the G and A residues at position 11 and 17, for the peptide 2 to
the K and F at position 7 and 13, for the peptide 3, to the F, G and I residues at positions 5, 9 and
10, and for the peptide 4 to the residues L, A and K at positions 14, 17, 18, respectively.
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Figure 6.8: RDFs for the Cl ions respect to each residue of 4 CA-MA peptide simulations in
150 mM NacCl solution at T=300 K. The values of RDFs are within the interval of 0, shown in
blue (the lowest value), up to 3.4, shown in red (the highest value).
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In Figure 6.9 the RDFs of Cl ions respect to the residues of each peptide in the case of
simulation at HSC at 310 K are reported. The preferential binding of the ions around the peptides
1, 2 and 3 is localized to the central residues while in the peptide 4 in the end regions. The
multiple peaks in the distribution indicate the presence of peptide aggregates. The Cl/Na" ratios
for the peptide 1, 2 and 3 (Figure S7 SI) present a minimum in the residues sequence 8-11
corresponding to the sequence IGIG, with the lowest value at positions 9 and 10 (G and I). On

the contrary, the peptide 4 (not involved in the aggregate) has more constant values of the CI’

/Na" ratio with a maximum for the G residue at position 10.
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Figure 6.9: RDFs for the CI” ions respect to Ca atom of each residue of 4CA-MA peptide
simulations in 150 mM NaCl solution at T=310 K.
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6.5 DISCUSSION AND CONCLUSIONS

The interaction of ions with peptide or protein structure is still not completely understood
phenomenon. It is useful to know either it plays stabilizing or destabilizing role for the protein
structure. There are several recent theoretical studies based on MD approach which are directed
on understanding of salt effects on structure and dynamics of polypeptides.*>® Specificity of
binding ions to a specific amino acid on a S6 ribosomal protein surface has been performed by
simulation studies of Friedman.?” Similarly to our results regarding to distribution of ions respect
to CA-MA peptide, they have found that the probability of CI” ions to bind to the protein surface
is higher in comparison with Na" when the concentration is close to physiological (120mM).
They have also shown in their work that at higher concentration of 1M solution, there were no
competing effect on bindings to the protein surface between the C1 and Na" ions. What is related
to the effect of the salt on structural stability of the solute, Dzubiella et al.*® performed MD
simulations, where he studied an influence of high concentration (2.5-2.7 M) of NaCl, KCI, Nal,
and KI on the a-helicity of alanine-based peptides. In overall, the results, found by Dzubiella,
are indicating that all the salts, except Nal, are playing stabilizing role for the secondary
structure.®® In particular, an increase of a-helicity had place, when the solutes were placed in
salty environment. This in turn is in accordance with our results, since in our case we have found
an increase of a-helicity when simulation was performed in 150 mM NaCl for both, single and 4
CA-MA peptides, despite the concentration of the salt in our case is lower, than the one used by

Dzubiella (2.7 M NaCl).

In conclusions, we have performed atomistic MD simulations of single CA-MA hybrid peptide
in water, in 150 mM NaCL at T=300 K and at T=310 K. We studied the behavior of the peptide
in these conditions and found out that peptide loses its a-helicity in water which is in accordance
with experimental data. In salty environment such as 150 mM NaCL at T=300 K the peptide
partially maintains its a-helical content, however, increasing the temperature by 10 K in the same
solution, results in complete loss of a-helicity. Increasing peptide concentration in the same
conditions as for the single one, leads towards aggregations. This, in turn, stabilizes the

secondary structure.
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Here we have shown conditions (ionic strength, temperature and solute concentration) that play a
role on structural stability of CA-MA peptide, knowing of which can be useful for better

application of CA-MA peptide as an antibiotic or anticancer drug.

Studies have been performed in aqueous environment, were usually CA-MA receives random
coil conformation. Further studies can be useful to be extended in membrane mimicking

environments, where the peptide sustains its a-helical structure.
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Figure S1: Cumilative number of clusters for the simulation of single peptide in
water (green curve), 150 mM NaCl at T=300 K (red curve) and at T=310 K (green
curve).
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Figure S2: Cl/Na ratio respect to Ca atoms of each residue within 1.5 nm from the
surface of CA-MA peptide in 150 mM NaCL solution at T=300 K (blue curve) and
310 K (red curve).
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Figure S4: Secondary structure changes vs. time for 4 CA-MA in 150 mM NaCL
at T =300 K.
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Figure S5: CL/Na values respect to Ca atoms of each residue of 4 peptides in 150
mM NaCL at T=300K, calculated within the distance of 1.5 nm from the surface of

the peptide.
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CHAPTER 7

CURVATURE DEPENDANT INTERACTION OF CECROPIN A-
MAGAININ 2 (CA-MA) HYBRID PEPTIDE WITH CARBON
BASED NANOMATERIALS

7.1 ABSTRACT

The Cecropin A — Magainin 2 (CA-MA) hybrid peptide has a significant ability to lyse bacterial
cells with potential applications as antibacterial agent. It can be used for sterilization or
prevention of contamination of synthetic fibers. For these applications, it is important to
understand the structure of the molecule in the presence of solid surfaces capable to adsorb and,
in the case of necessity, to release the peptide. Carbon based nanomaterials, such as CNT and
graphene sheet, are simple models of hydrophobic surfaces. Their curvatures can be accurately
controlled and CNT can act also as nanocontainer for drug delivery. Therefore, a theoretical
study, using molecular dynamics simulations on the interaction of CA-MAs with these
nanomaterials, has been performed. The results of the simulation have shown that the peptide is
absorbed on the nanosurfaces independently by their curvature with preferential interactions of
the aromatic planar amino acids (tryptophanes). Moreover, secondary structure changes, namely,
the loss of a-helical content was noticed for the peptide molecules that were in contact with both,
nanotube and graphene surfaces. The rate of the loss of the secondary structure are slightly faster
on the graphene than on the CNT surface. Finally, the diffusion of one of the peptides inside the
CNT has been observed within 150ns.
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7.2 INTRODUCTION

Carbon nanomaterials comprise materials of different shapes and surface curvatures as the
hollow carbon nanotubes (CNTs) and the planar graphenes. They possess many outstanding
properties, which makes them attractive for applications in various fields of science and
technology. It has been shown that CNTs can act as ion channel blockers', artificial muscles?,
sensors,” ™ as well as, drug-delivery vehicles.” However, the major obstacle to use them for
medical purposes concerns their poor solubility in water. In fact, they usually form unsoluble

aggregates (bundles), which can evoke cytotoxic effects in most cases.”'® Covalent'''? or non-

515 surface modification may help to solve this problem. However, one should pay

covalent
attention, that covalent modification can alter the CNT properties. Therefore, non-covalent
adsorbtion of molecules is more preferential.

There is a great interest in discovering the capabilities of biomolecules, such as peptides'® and
DNA,'” to improve CNTs solubility by covalent or non-covalent interactions, and, hence, to use
them as drug delivery system. For this reason, it is crucial to understand the CNT/peptide
interactions at molecular level.

Several studies, either experimental'®'® or theoretical,'”** regarding to peptide-CNT interactions
have been published. Wang et al.'® have studied by scanning electron microscopy (SEM), the
binding of different peptides on carbon nanotubes. They found that higher binding affinity have
revealed peptides, containing aromatic residues. Tomasio and Walsh,'" used similar peptides
(named “strong binder” peptides having tryptophane rich sequences) to study their adsorption on
carbon nanosurfaces using molecular dynamics (MD) simulations. In the study they replaced the
tryptophane residues either with tyrosine, or phenylalanine and showed that the peptide’s ability
to bind the graphitic surface was reduced compared to the original one. Trzaskowski et al.”
performed MD studies on interaction of a-helix and B- hairpin model peptides with outer and
inner wall of CNTs. Two types of the nanotubes, (22,0) and (30,0), were considered in the study,
both with the length of ~ 2.2 nm. The results of the studies have shown that the encapsulation in
the CNT or the binding to its surface do not affect the original secondary structure of the peptide.
However, when the peptide was covalently binded to the nanotube through a linker significant

changes of the secondary structure were observed. Recently, Wallace and Sansom® reported
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multiscale MD simulation studies of the adsorption of de-novo designed amphiphilic helical
peptide (nano-1) on CNT surface. They have found that the adsorption mechanism of peptide on
the CNT was the same, either for the atomistic or the coarse-grained model. They also reported
that the adsorption of a single peptide on CNT surface caused the loss of its a-helical content.
However, if more than one peptide is adsorbed on the CNT surface, the secondary structure
remained stable. An effect of curvature on the a-helix breaking tendency of carbon based
nanomaterials has been studied by Balamurugan ez al.*® using again MD simulations. It was
shown that the tendency of helix breakage was increasing, while decreasing the curvature of the
nanomaterials. Secondary structure changes have also been found by Zuo and coworkers** when

investigating an adsorption of protein Villin headpeace (HP35) onto graphene surface.

In this chapter, we extend these theoretical studies by considering the interaction of the hybrid
peptide Cecropin A — Magainin 2 (CA-MA) with carbon nanotube and graphene surfaces. CA-
MA hybrid peptide is an attractive model for the investigation, because of its recognised

»27 1In Figure 7.1 is shown the structure and the

antimicrobial and anticancer capabilities.
aminoacid sequence of hybrid CA-MA peptide. CA-MA can be used to prevent the bacterial
contamination of materials. For these applications, it is important to understand the structure of
the molecule in the presence of solid surfaces. CNT and graphene nanosheet are convenient
models of hydrophobic surfaces, because their geometric properties, as the curvature, can be

accurately controlled. In additions, CNT can act also as nanocontainer for drug delivery.
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Figure 7.1: Structure of Cecropin A-Magainin 2 hybrid peptide and aminoacid sequence.

The present goal of the preliminary study is the understanding of the binding modes of CA-MA
peptide to carbon based nanomaterials. In this work the model of non-covalent interaction of this
peptide with the surface of these nanomaterials has been tested in order to predict the adsorption

tendency and the effect on the peptide’s structural and dynamical properties.

7.3 COMPUTATIONAL METHOD
7.3.1 System Setup.

The coordinates of CA-MA hybrid peptide have been obtained from the Protein Data Bank
(PDB), entry code 1D9J. Carbon nanotube with the chiral indices m=10, n=10 and the length of
6 nm was generated using the VMD software version 1.9.1.** A graphene layer with the same
chiral indices and length, as the nanotube, has been considered. The VMD software was used to
build up the graphene layer, as well. Simple Point Charge (SPC/E) model of water was used in
all the simulations® The GROMOS54a7 force field parameters were used for modeling the
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atomic interactions. The Lennard-Jones parameters for carbon-carbon interaction of nanotube &,
were chosen to be 0.4396 kJmol! and o - 3.851 A%3 and carbon — oxygen between the carbon
of the nanotube and the oxygen of water, g,= 0.392 kJmol! and 0= 0.319 nm 31 The LJ
parameters between the carbon of the nanotube and hydrogen of the naotube were set to zero,
whereas the partial charges, carrying by hydrogen atoms q(H) were equal to 0.1 e, the opposite
value of the charge was chosen for the carbon atoms q(C) = -0.1, in order to keep the system

neutral. The rest of the parameters were calculated using the GROMOS combination rules: **

©_ [¢©® , 02 12 _ [0, 02
= |ci « C C: —\/Cii *C (7.1).

To study an interaction of peptides with the carbon nanomaterials and to investigate the character

of interaction and the mechanism of adsorption on different surfaces, we centered four CA-MA
peptides with CNT/graphene in cubic simulation boxes with the side size of at least 10 nm. The
empty space was filled with water molecules by stacking an equilibrated box of 216 water
molecules. The water molecules within 0.25 nm from the solute atoms were removed. 32 counter
ions were added to keep the systems neutral. In Table 7.1 is given information related to

simulated system.

Table 7.1: Composition and conditions of studied systems.

System N° of Peptides N° of Water N°of CI' T/K Time/ns
CNT+CA-MA 4 32242 32 300 350
Graphene+ 4 32211 32 300 350
CA-MA
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7.3.2 MD Simulations.

Atomistic MD simulations were performed using GROMACS (version 4.5.5) software package.
The LINCS algorithm 33 has been applied in order to constraint the bonds during the simulation.
The integration time step was chosen to be 2 fs. The temperature and pressure were maintained
to the reference value (T=300 K, P=1 bar) using the Berendsen thermostat and barostat™® with
coupling time constant of t1=0.1 ps for the temperature and t,=0.5 ps for the pressure,
respectively. The isothermal compressibility of 4.5x10 bar' was used for all the simulations.
Particle mesh Ewald (PME) method *> was applied for the long-range interactions with a real
space cutoff of 1 nm, a Fourier mesh spacing of 0.12 nm. The Lennard-Jones interactions were

calculated using a cutoff of 1.4 nm.

The VMD (version 1.9.1)* program was used to visualize the trajectories and create the
graphical representation of the molecules. Secondary structure analysis has been performed by

DSSP method.*

7.4 RESULTS AND DISCUSSIONS

7.4.1 Interaction of CA-MA with CNT

In Figure 7.2 A the starting configuration of the simulations with four CA-MA peptides with
CNT (10,10) and in Figure 7.2 (B-F) different views of the configuration at 350 ns are reported.
For clarity other peptides and the water molecules are omitted. From the figures it is evident, that
all four peptides are adsorbed on CNT surface at the end of the simulation. In Figure 7.2 (B-D),
it is shown the peptides 1, 3 and 4 adsorbed on nanotube surface. As shown in Figure 7.2 (E and

F), the peptide 2 has diffused into the CNT for almost all of its length.
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Figure 7.2: Four CA-MAinteractions with CNT (10, 10) (water molecules are ommited for
clarity). A-starting configuration, B, C, D, E-configuration after 350 ns (side view), F — (top
view).
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The process of absorption of the four peptides has been monitored calculating the minimum
distances between the C-alpha atoms of the peptides and the carbon asoms of the CNT along the
simulation. In Figure 7.3 the variation of these distances are reported. For the peptide 3 and 4, a
rapid adsorption (distances less than 0.5 nm) occurs after few nanoseconds. After 20 ns, peptide
1 binds to the CNT and ~250 ns are required for the peptide 2 to get in contact with one of the

nanotube entrance and to start diffusion inside.

6 1 I I l 1 I
& — Peptidel CNT |
— Peptide2_CNT
5k Peptide3 CNT J

Peptided_CNT

Distance (nm)
LF¥]

| 1 ] 1 |
0 50 100 150 200 250 300 350
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Figure 7.3: Minimum distance between the C-alpha atoms in each peptide and the CNT
surface.
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The distances between C-a atoms of each aminoacid, which are present in CA-MA peptide, and
the nanotube has been calculated for the last 10 ns in order to characterize the preferential
bindings of the aminoacids to the surface of the CNT. Based on the distances between the
aminoacids (C-a atoms) and the nanotube, the relatively closest distances are, mainly, for C-a
atoms corresponding to tryptophanes (see Figure 7.4 red coloumn bars), phenylalanins (Figure
7.4 magenta color bars), lysins in some cases (Figure 7.4 blue bars), glycines for the case of
peptide 2 (Figure 7.4 violet bars). The possible explanation can be the presence of aromatic
group in tryptophane, phenylalanine that reveals higher affinity to the surface of the CNT
compared to the other aminoacids, because of its surface characteristics. The average distance

between the surface of the nanotube and C-a atoms for all the peptides is ~ 0.44 + 0.04 nm.
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A Peptide 1

0.7
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B Peptide 2
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C Peptide 3
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D Peptide 4
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0
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Figure 7.4: At the left side the distances between the C-a atoms of each amino acid and the
surface of the CNT are reported. At the right side the peptides 1, 2, 3 and 4 adsorbed on CNT

surface are shown.
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7.4.2 Diffusion of the Peptide Inside the CNT

In Figure 7.5 the different stages of the diffusion process are reported. The entry in the CNT rim
occurs starting from the C-terminal of the peptide at ~265 ns and it proceeds till the 315 ns of the
simulation. After this time, the N-terminal of the peptide remain anchored to the outer surface of
the nanotube stopping further diffusion into the CNT for the rest of the simulation. Therefore, at
the end of the simulation (Figure 7.2 E and F), the peptide has diffused inside for % (~4.5 nm) of
the CNT length (6 nm) with an average speed of ~0.09 nm/ns.

270 ns

278 ns 312 ns

Figure 7.5: Diffusion process in time for the peptide 2 inside the CNT core.
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The effect of the presence of hydrogens on the rim of CNT has been studied by running a new
simulation with the peptide in the configuration shown in Figure 7.5 at 264 ns, where the peptide
is pulled out and placed in front of the same CNT, but with fully protonated carbon rim atoms. In
Figure 7.6 the snapshots of the configuration at 0, 0.3, 1, 5 and 100 ns —A, B, C, D, E,
respectively, are reported. The first contact of the peptide with the surface of the nanotube occurs
just at 0.3 ns and after 5 ns the peptide is totally extended it and remains in such conformation
until the end of the simulation. Contrary with the previous case (see Figure 7.5), the peptide does
not diffuse inside the nanotube, but adsorbes on its surface. Although the result of simulation
suggest that electrostatic repulsion between the hydrogens of CNT and the positively charged
peptide prevent the peptide to enter the nanotube, more simulations are required to be performed

in order to obtain statistical significance of this phenomenon.

' 1ns

Figure 7.6: Interaction of the peptide with the hydrogenated nanotube. A - initial configuration
(0 ns), B, C, D and E are configurations at 0.3, 1, 5 and 100 ns, respectively.
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7.4.3 Secondary Structure.

The analysis of the changes in the peptide secondary structure (SS) along the simulation has been
performed in order to understand how the interaction with the CNT surface affect the initial

peptide fold. Figure 7.7 reports secondary structure changes during the simulation for each

amino acids of the four CA-MA peptides.
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Figure 7.7: Secondary structure changes during the time for 4 CA-MA peptides while
interacting with CNT.

146



CHAPTER 7

The decrease of the intial a-helical content occurs already at the beginning of simulation for all
the peptides. After 150 ns, a complete loss of the a-helical content is observed. In particular, for
the peptide 1 significant decrease of a-helical structure suddenly occurs around 20 ns, the
remained a-helix fragment in the N-terminal part of the peptide unfolds completely after 140 ns.
For the peptide 2, similarly to the peptide 1, the decrease of a-helix structure takes place after 20
ns with the complete loss of the helical content after just 40 ns. After this time, B-strands and [-
bridges form temporary in different parts of the peptide chain until the entrance into the CNT at
~240 ns. At the end of the simulation, when the peptide is into the CNT, only an extended
random coil conformation is observed. For the peptide 3, the unfold of the initial a-helix
structure occurs within 70 ns with a different pattern with respect the other peptides. It can be
noted that the peptide 4 come in contact with the nanotube from almost the beginning of the

simulation. This is the reason of the immediate and irreversible loss of the a-helix structure.

Figure 7.8 shows the average SS for four CA-MA peptides in percentage calculated for the last
100 ns. Random coil conformation represents more than 70% of the secondary structure (see Fig.
7.8 blue bars). The rest of SS is present in the form of turn and bend regions. In general, all the
peptides suffer a loss of the initial a-helix content upon the contact with the CNT apolar surface

with formation of highly unfolded structure.
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Figure 7.8: Average secondary structure for each peptide, interacting with CNT (10,10),
shown in percentage.

7.4.4 Interactions of CA-MA Peptides with Graphene Nanosheet.

Effect of the surface curvature on structural stability of peptide has been investigated by
analyzing the bindings of four CA-MA peptides on the top of a graphene layer. Figure 7.9
represents snapshots from the simulations of the CA-MA peptides with graphene. Figure 7.9 A
represent the initial configuration and B and C the side and top views of the configuration at 350
ns, respectively. The peptides are adsorbed on both sides of the graphene nanosheet with three of

them on one side and the other in the opposite side.

Figure 7.10 reports the minimum distances between the C-o atoms of each peptide and the
surface of the graphene. Adsorption of the peptides 1, 2 and 4 on one side of the graphene
surface occurs in the first 10 ns of simulation. After 50 ns of simulation also peptide 3 binds on

the other side of the graphene nanosheet. This delay is due to the time to diffuse on the free side.
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Figure 7.9: Four CA-MAinteractions with graphene layer. A — initial configuration, B and C

— configurations at 350 ns (side and top views respectively). For clarity water molecules are
ommited and the peptides are labeled as 1, 2, 3 and 4.
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Figure 7.10: Minimum distance between the C-aatoms of each peptide respect and the
graphene.
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In Figure 7.11, the averaged minimum distances between the C-o atoms of each aminoacid and
the graphene surface are reported. All the peptides show similar avarage distances ~ 0.44 + 0.03
for C-a atoms from the surface of graphene indicating a flattering of the peptide on a graphene
surface (see Figure 7.11, the right side). Similarly to the case of interactions with the surface of
CNT (see Figure 7.4, the right side), in this case the peptides also obtain certain conformation
while interacting with the surface of graphene. Since CA-MA peptide contains aromatic amino
acids like tryptophanes, phenylalanines and histidines in its sequence, the preferential contacts
are between these groups and the CNT/graphene surface due to the planar geometry of these
residues. In order to provide the possibility of interaction between these groups and the carbon
nanosurfaces, the peptide should unfold from its initial a-helical configuration and obtain

specific conformation on the nanosurface.
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Figure 7.11: At the left side the distances between the C-a atoms of each amino acid and the
surface of the graphene are reported. At the right side the peptides 1, 2, 3 and 4 adsorbed on the

surface of graphene nanosheet are shown.
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7.4.5 Secondary Structure.

Figure 7.12 shows the results of the secondary structure changes of four CA-MA peptides vs
time for the interaction with the flat surface of the graphene. Significant decrease of a-helix
structure takes place for CA-MA peptides (except peptide 3) as the peptide start to bind the
nanosheet. Complete loss of the a-helical content occurs within 70, 10, 60 and 40 ns for the
peptides 1, 2, 3 and 4, respectively. Later, the peptides are mostly present in random coil, turn
and bend conformations similarly to the case of simulations of peptides with the nanotube. In the
case of peptide interaction with the planar graphene surface the rate of the loss of secondary

structure is slightly faster compared to the interaction with the curved nanotube surface.
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Figure 7.12: Secondary structure changes during the time for 4 CA-MA peptides, interacting

with graphene.
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Figure 7.13 shows the average secondary structure amount in percentage for the peptides’
simulation with graphene for the last 100 ns. As in the case of simulations of peptides with CNT,
the most abundant conformations are random coil and less than 20 % of the structure are present

as bend and turn SS.
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Figure 7.13: Secondary structure of each peptide, interacting with graphene, shown in
percentage.
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7.5 CONCLUSIONS

MD simulations have been performed to study the mechanism of interaction of hybrid
antimicrobial peptide — CA-MA with the CNT (10,10) and the graphene nanosheet of the same
linear size. The MD results of the study have shown that the peptides coat both the CNT and
graphene surfaces with different kinetic. The peptides coating the carbon nanosurfaces loose
completely their secondary structure compared to the simulations in absence of nanomaterials
(see Chapter 6). The preferential binding, estimated by the minimum distance of the peptide from
the CNT surface atoms, suggest that aromatic amino acids like tryptoptophanes, phenylalanines
and histidines, bind closely to the surface due to the favorable LJ interactions of the flat surface
of the aromatic side chains. This result is in agreement with the one obtained by Wang et al.',
where it was found, that specifically binding peptides to the nanotube surface were rich with

aromatic residues, such are histidine and tryptophane, at their binding sites.

Spontaneous diffusion of one of the peptides inside the not hydrogenated CNT has been obseved.
To the best of our knowledge this is the first simulation in which this phenomenon is observed
for such a small nanotube. However, more simulation are requiered to be performed in this
direction for higher statistical importance. This process can be also interesting to further

investigate for the possibility to use CNT as a drug delivery system.
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In this thesis, I have studied the interaction of CNTs with polymers, phospholipid bilayer and
with the hybrid Cecropin A — Magainin 2 peptide at different levels of scale using MD

simulations.

In the first part of the thesis, atomistic MD simulations (AMD) have been carried out to
investigate the mechanism of CNT coating by linear ether-based polymeric surfactants. This
study was motivated by the interest to use polymeric material to disperse CNT and coat their
surface with biocompatible materials. In particular, we have studied the physical absorption
mechanisms around the SWCNT by DME and DMP molecules, PEO and PPO pentamers, as
well as, the Pluronics® L64 triblock copolymer. The same study has been further extended at
coarse-grained level of scale for longer polymer chains. In particular, adsorptions of Pluronics®
F108 and F127 chains onto the surface of the bundles were carried out using the MD-SCF
method. The results from the simulations are in qualitative agreement with the available
experimental data. It was shown that the interactions between the triblock copolymer chains and
the surface of the single nanotube and bundles are driven by the different hydrophobic nature of
the polymer blocks. Namely, the more hydrophobic PPO polymer (or block) tend to coat the
apolar surface of the nanotube, whereas, the more hydrophilic PEO polymers and block interact
more weakly. In the CG simulations, the numbers of aggregated F127 and F108 chains on the

surface of the bundle are found to be in a good accordance with experimental data.

CNTs have shown an ability to cross biological membranes. This opens new opportunities to use
them for targeted drug delivery. For this reason, it is crucial to understand the mechanism of
CNT translocation through lipid bilayers, which will simplify their biomedical applications and
further manipulations. Experimental researchers have proposed several pathways of CNT
internalizations. The possible pathways of internalization, according to experimental data, are
phagocytosis or endocytosis and spontaneous diffusion through the membrane. However, this
peculiar concept is still under investigation. In order to understand these principles, first, it would
be efficient to explore the interactions of CNTs with pure lipid bilayer. Detailed study of the
bundle insertion inside the DPPC lipid bilayer has been performed by hybrid MD-SCF

technique. In particular, the impact of the orientation and the aspect ratio on the perturbation of
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lipid bilayer has been investigated. The results have shown the distortion of the bilayer in all
studied cases. However, the stronger perturbations of the lipids have place in the case of
perpendicularly oriented bundles. In addition, poration of the bilayer and diffusion of the water
molecules through the pore has been observed during the internalization of perpendicularly

oriented bundle of 20 nm.

As further work in this direction, it would be interesting also to study how the CNT
bundles coated by the Pluronics interact with the membrane. One can explore whether such a
complex like CNT+Pluronics is stable, while interacting with lipid membrane or not. Since pure
lipid bilayer is an idealized model of cellular membrane, further studies would be efficient to be
applied to interactions of CNT bundles with membranes, considering the presence of

components like transmembrane proteins, glycoproteins as well as channel proteins.

Finally, the last part of my thesis is dedicated to atomistic MD simulation studies of the hybrid
antimicrobial CA-MA peptide. This particular peptide has shown an ability to lyse bacterial cells
and act as anticancer drug as well. For this purpose the MD simulation studies have been carried
out for the single and four CA-MA peptides under different physiological conditions. In
particular, the effects of ionic strength, temperature and concentration have been investigated.
The results of the study have shown that the peptide loses its initial a-helix structure in solution,
which is in a good agreement with experimental results. In the presence of higher salt
concentration, the peptide partially maintains its a-helix structure. However, as the temperature
increase to 37 °C (physiological human body temperature), the complete loss of a-helical content
has been observed. The increase of peptide concentration favored peptide aggregation that it was

found to play a stabilizing role on the secondary structure of the peptide.

Further studies can be extended to study the mechanism of stabilization and formation in
membrane mimicking environments (in the presence of trifluoroethanol) and at lipid bilayer

interfaces.

As mentioned above, CA-MA hybrid peptide is a significant antibacterial agent and can be used

against bacterial contaminations of materials. For this reason it is useful to understand the
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interaction of this peptide with solid (apolar) surfaces that can mimic synthetic materials as
polymer textile fibrils. For this reason, atomistic MD simulation studies have been performed to
understand interactions of four CA-MA peptides with carbon based nanomaterials, such as CNT
and graphene sheet. Adsorption of the peptide has been observed for both surfaces with
preferential binding of the aromatic residues with the nanomaterial surfaces. It was also found
that these interactions speed up the loss of a-helix structure in the peptides, compared to the
previous simulation in pure aqueous solutions. The rate of the loss of a-helix structure has been
shown to be slightly faster for the case of interaction with flat graphene surface rather than with
CNT. In addition, the spontaneous diffusion inside the CNT has been observed for one of the
peptides. This particular phenomenon will be interesting for further investigations using MD
simulation at different level of scale on drug or other small molecule encapsulations inside
nanotube as a model for drug delivery system in biological membrane. In addition, it would be
interesting to study how the coated peptide can help to disperse the CNT bundles. Finally, it
would be interesting as further work to analyze the difference in penetration kinetics of the

peptide coated CNT from the bare CNT.

In conclusion, in this thesis we have studied for the first time and at different level of scale the
structure and modus binding of different type of surfactants (ether-based polymers and peptides)
in solution with carbon based nanomaterials. The comparison with experimental data has
qualitatively validated the models and provided the detail at atomic level of the structure of these
systems and the mechanism of binding and diffusion on lipid bilayers. The initial study of this
thesis opens the possibility to use the same model for further extension to better understand the

nature of these phenomena.
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