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ABSTRACT 

 

Theoretical Investigation of Self-Assembled Peptide Nanostructures for 

Biotechnological and Biomedical Applications.  

(May 2011)  

Jennifer Andrea Carvajal Diaz, B.S., Universidad Industrial de Santander 

Chair of Advisory Committee: Dr. Tahir Cagin 

 

 In this dissertation, molecular simulation techniques are used for the theoretical 

prediction of nanoscale properties for peptide-based materials. This work is focused on 

two particular systems: peptide nanotubes formed by cyclic-D,L peptide units and 

peptide nanotubes formed by phenylalanine dipeptides [-Phe-Phe-].  

Mechanical characterization of cyclic peptide nanotubes is a challenging problem 

due the anisotropy resulting from the nature of their molecular interactions. To address 

rigorously the thermo-mechanical stability of cyclic peptide nanotubes (CPNTs), a 

homogeneous deformation method combined with the generalized elasticity theory and 

molecular dynamics simulations (MD) were used for the calculation of second order 

anisotropic elastic constants. The results for anisotropic elastic constants, yield behavior 

and engineering Young’s modulus show remarkable mechanical stability for these 

materials supporting experiments for the development of their applications. Furthermore, 

the heat capacity, thermal expansion coefficient and isothermal compressibility were 

predicted using numerical difference methods and molecular dynamics.  

In order to understand the transport properties of confined water in cyclic peptide 

nanotubes, the influence of nanotube diameter was studied and self-diffusion coefficient, 

dipole correlation functions and hydrogen bond probabilities were calculated via 

molecular dynamics and statistical mechanics. Enhanced transport and higher diffusion 

rates for water were obtained in cyclic peptide nanotubes (CPNTs) compared with 
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commonly used biomedical channels like carbon nanotubes (CNTs). The greater 

transport efficiency in CPNTs is attributed to the hydrophilic character and high 

hydrogen bonding presence along their tubular structure, versus the hydrophobic core of 

CNTs.  

One of the most important opportunities for cyclic peptide nanotubes is their 

utilization as artificial ion channels in antibacterial applications. Here, molecular 

dynamics methods were used to investigate the effect of confinement on the transport 

properties of Na+ and K+ ions under the influence of electric field; the ion mobility, 

selectivity, radial distribution function, coordination number and effect of temperature 

were studied and results from simulations proved their ability to transport ions. 

Additionally, the molecular organization of phenylalanine dipeptides into ordered 

peptide nanotubes was investigated, a model for the molecular structure of these 

nanotubes was proposed and optimized through molecular simulations; a helical pattern 

was found and characterized. Thermal stability results show that phenylalanine dipeptide 

nanotubes are stable up to about 400K; above this temperature, a significant decrease in 

hydrogen bonding was observed and the perfect pattern was altered. 

Findings from this work open new opportunities for research in the area of 

peptide based materials and provide tools and methods to study these systems efficiently 

at nanoscale.  
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CHAPTER I 

INTRODUCTION  

 

 

Complex three-dimensional structures are formed by nature through spontaneous 

association of molecules, termed molecular self-assembly1. In this study we will focus 

on a theoretical investigation of synthetic peptide based self-assembled nanostructures 

that have recently reported potential applications in nanotechnology and biomedicine. 

Peptides constitute useful building blocks with excellent chemical-physical 

stability and diversity1,2.  Also, inexpensive large scale production methods are 

becoming available for peptides, making feasible the fabrication of novel materials from 

these monomeric units.  They can form materials whose structures and functionalities 

can be controlled to perform a variety of functions in both biological systems and 

nanotech devices1. Peptide based materials can be found in different morphologies, like 

fibrils, nanospheres and nanotubes, these materials present adjustability and functional 

capabilities that direct their wide range of applications, from biomedicine2 to molecular 

electronics, tissue engineering3 and drug delivery1. Recently, interest in the mechanical 

stability of peptide nanostructured materials has increased due to their potential 

applications and also because of connections with peptide aggregates resulting from the 

mis-folding of proteins4,  these aggregates can be toxic if formed in the human body and 

are linked to a high number of human diseases like Alzheimer’s, Parkinson’s and 

Huntingston5. Nano-structured peptide materials have also been reported as efficient 

chemotherapeutic agents used to destroy cancer cells6. These findings have illustrated 

the potential of peptide materials for nano-scale and biomedical applications3. However, 

understanding the effect of molecular scale organization in the macroscopic behavior of 

these materials still remains in the earlier stages. Therefore, further experimental and 

theoretical studies have an important role contributing to the rational design of new 

functional peptide nanostructures.  

____________ 
This dissertation follows the style of Nature Materials. 
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method combined with molecular dynamics is used to calculate anisotropic elastic 

constants, and molecular dynamics is used for the determination of their thermodynamic 

properties.  

In Chapter IV, the dynamics of water within cyclic peptide nanotube (CPNT) 

systems is presented, and their transport properties are compared with those obtained 

from equivalent diameter single wall carbon nanotubes (CNTs); findings from this work 

play an important role understanding the influence of channel-water on diffusion 

properties and for future applications of these systems as artificial ion channels, drug 

delivery and nano-fluidics devices.  

 In Chapter V, results of ion (Na+ and K+) transport dynamics under the effect of 

electric field are presented for the CPNTs; these results provide basic key information 

for the design of applications where CPNTs could perform as antibacterial agents and 

artificial ion channels.  

In Chapter VI, the stability and molecular organization of diphenylalanine (FF) 

peptides forming stable nanotubes are reported; conclusions from this investigation have 

implications in the understanding of molecular forces stabilizing these structures after 

self-assembling processes.  

Finally, Chapter VII draws conclusions from the work presented in this 

dissertation and lists recommendations for future work. 
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CHAPTER II 

BACKGROUND 

 

 

2.1. Recent Developments of Peptide-based Nanostructures 

 

2.1.1. Peptide Nanotubes 

In 1974 De Santis et. al discovered the conformational possibilities of D,L 

peptides sequences to form cyclic and tubular structures12. It took 20 years to realize this 

potential and only until 1993 Ghadiri and coworkers13 demonstrated, for the first time, 

that nanotubes can be self-assembled by a process based upon β-sheet like interactions 

between macrocyclic D, L-peptides. These cyclic peptides were designed with an 

alternating even number of D- and L- amino acids, which interact through hydrogen 

bonding to form nanotubes, and the hydrophobic side chains interact to form arrays of 

self-assembled associated nanotubes. The internal diameter of the nanotubes can be 

manipulated by changing the number of amino acids per ring, and the surface 

characteristics can be controlled by selecting the appropriated amino acid depending on 

the desired functionality for the side chain groups in the cyclic peptide sequence14.  

One of the first applications of peptide nanotubes was based on their membrane 

function. As the cyclic peptide nanotubes (CPNTs) were toxic to bacteria, they were 

demonstrated to serve as novel antibiotic agents15. Several investigations have revealed 

that peptide nanotubes may act as highly selective and efficient transmembrane channels 

as well. These structures are shown to be large enough to serve as a channel for water16, 

as size-selective ion channels17 and as the medium for the transport of biologically 

relevant molecules16. Peptide nanotubes have been observed to form 2-D crystals of 

tubes18, and can be found as embedded tubes in lipid membranes15,19, as branched 

network tubes in solution20, or as isolated nanotubes in solution21.  Manipulation of 

electronic and optical properties of CPNTs have been investigated by side chain 

modification to allow charge transfer; these results provide important basis for 
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of elastic properties of peptide nanostructures. Below, state of the art for theoretical 

methods used in calculation of mechanical properties for some peptide nanostructures 

are listed in Table 2.1. 

 
Table 2.1. State of the Art: Computational Approaches for Mechanical Properties of Biomaterials 

Nanostructure Contribution Methods Ref(Year)

Beta-sheet-
rich 
 proteins 
 

Mechanical energy transfer and 
energy dissipation studies.  

Steered molecular dynamics  
 

 
66,67(2010) 

Helical 
Peptides 
 and Proteins 

Evaluation of different AMBER 
Potentials for Molecular Mechanics 
simulations.  

Explicit solvent molecular 
dynamics simulations 

68 (2010) 

Coiled Protein  
Filaments 

Results indicate that α-β transitions 
may increase energy dissipation 
capacity, stiffness and strength in 
proteins filaments 

All atomistic steered molecular 
dynamics  

69 (2010) 

Spider Silk  
Fibrils 

Molecular Mechanisms of 
Deformation, Strength and 
Toughness of Spider Silk Fibrils are 
explained in terms of confinement 
of beta-sheet nanocrystals, and 
extensible semiamorphous domains 

Coarse Grain molecular dynamics 70 (2010) 

Alpha-helical  
proteins 

Development of a coarse grain 
mesoscale model fro alpha helical 
proteins.  

Atomistic and CG steered 
molecular dynamics  

71 (2010) 

Collagen Mechanical Properties, Young 
Modulus. 

Steered molecular dynamics 72(2008) 
73(2006) 

Microtubules Anisotropic Elastic constants Mathematical modeling of elasticity 74 (2005) 
 

Cyclic peptide 
nanotubes 

Anisotropic Elastic constants and 
thermodynamic properties 

MD simulations and non-linear 
elasticity theory.  
 

75 (2010) 
 

Bio-materials Review of bio-mechanical 
characterization methods 
 

Experimental and Theoretical 76 (2003) 

 

2.2.2. Transport Properties  

In order to use the self-assembled polypeptide materials in the design of better 

nano-fluidic devices and to understand biological function of cell membranes, it is 

important to investigate the change in structure and transport of fluids under nanoscale 

confinement conditions.   
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Studies with molecular detail under confinement are quite new and in particular 

behavior for peptide channels is not fully explored yet. Most of the molecular simulation 

studies have focused the attention in natural process such as ion transport and cellular 

transport phenomena; however similar techniques can be used to explore transport 

properties of engineered peptide channels.  Below, in Table 2.2., recent studies of 

transport within peptide materials are briefly reviewed. Also in Chapters IV and V the 

state of the art for water and ion transport in peptide nanochannels is reviewed.  
 

Table 2.2. State of the Art: Computational Approaches for Transport Properties of Peptide Channels 

Nanostructure Contribution  Methods Reference 
α,γ-Peptide Nanotubes in 
Solution (different 
solvents ) 

Permeability and carrier 
properties based on polar 
character of the solvent. 

Molecular dynamics and 
steered molecular 
dynamics. 

77 (2009) 
 

Cyclic peptide nanotubes H-bonds distribution, 
water transport, water 
structure 

MD and CG-MD 
simulations with explicit 
solvent 

(1998)16 ( 2003)78 
 (2009)79  (2010) 80 

Cyclic peptide nanotubes Ion transport Atomistic and CG 
simulations 

81-83 (2006) 

Lysozyme protein 
crystals 

Electrophoresis of Na+ 
and Ca+ 

Non-equilibrium MD 84(2008) 

Natural membrane 
channels 

Review of studies for 
water and ionic transport 

MD simulations 85(2009) 

Alpha-helical peptides Energy transport 
mechanism  

Non-equilibrium MD 86 (2010) 

KcsA channel Coordination number of 
Na+ and K+ ions 

Quantum mechanics/MD 
Car-parinello simulations 

87 (2010) 

 

 

2.2.3. Molecular Organization & Self-assembly  

Understanding of the molecular organization, B-sheet characteristics and 

hydrogen bond distribution in peptide nanostructure is still a challenge for computational 

and experimental characterization techniques. 

 Studies on these patterns will contribute to the design of peptide materials and to 

unveil details of natural occurring processes and structures related with diseases. Below 

in Table 2.3., are listed recent studies related to this problem.  
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Nanostructure Contribution Methods Ref(Year) 
Polyglutamine 
 nanotubes 

Implications in 
neurodegenerative diseases 
including Huntington’s disease, 
spinocerebellar ataxias and  
muscular atrophy.  

Replica exchange molecular 
dynamics 

93 (2010) 
 

Diphenylalanine 
nanostructures 

Implications in Nanotechnology 
(biosensing, nanowires) & 
Alzheimer’s disease 

Coarse-grained CG molecular 
dynamics (MD) 

94 (2009) 

Peptide 
 Amphiphile (PA) 

Characterization of  the size 
distribution of the aggregates as a 
function of the molecular 
interactions 

Coarse grained model for PA 
molecules using the united atom 
model 

95 (2008) 

Peptide Nanotubes  
into Lipid bilayers 

The cyclo[(l-Trp-d- (Leu)3-l-
Gln-d-Leu] ring is aligned 
parallel to the dimyristoyl 
phosphatidylcholine (DMPC) 
chains. Implications in 
transmembrane transport 

Polarized attenuated total 
reflectance (ATR), grazing 
angle reflection−absorption and 
transmission Fourier transform 
infrared (FT-IR) spectroscopy 
methods 

19 (1998) 

Peptide Nanotubes  
into Lipid bilayers 

Tubes formed by 8 × cyclo[(−d-
Ala-l-Glu-d-Ala-l-Gln−)2] and 8 
× cyclo[(−Trp-d-Leu−)4] 
spontaneously insert into lipid 
bilayer membranes. 

Coarse-grained (CG) molecular 
dynamics (MD) simulation 

83 (2008) 

Lanreotide 
 Octapeptide  
Nanotubes  

Results show three assembly 
stages and three intermediates 
steps 

Analytical centrifugation, NMR 
and X-ray scattering 

30 (2010) 

Peptide  
self-assembled 
structures 

Review of self-organization 
properties of peptides. 

Theory and experimental 
methods 

2 (2007) 

Amyloid Peptide  Aggregation structures of 
(GGVVIA) peptides 

CG Montecarlo Simulations 96 (2010) 

Polyglutamine  
peptides 

PRIME model of monomers for 
DMD simulations. 

Discontinuous Molecular 
dynamics 

97 (2007) 

Beta-amphiphilic  
peptides 

Analysis of influence in sequence 
and residue type.  

Coarse Grained model and 
monte carlo simulations.  

98 (2010) 

 

2.2.4. Applications of Peptide-based Nanostructures 

Peptide nanostructures have been used as biosensors, for fabrication of nanowires 

and as tissue scaffolds and recently as peptide nanowires, among others applications, see 

Fig.2.13. 

Lim  et al. reported nanoparticles with very good control over the morphology, 

size, and aggregation of  the resulting peptide-coated nanostructures formed by Tat cell-

penetrating peptide (Tat CPP)  and hydrophobic lipid segments. By manipulation of the 
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Coaxial Nanowires A scaffold of self-assembled peptide nanotubes was used to 
produce coaxial nanocables 

38 (2006) 

Diphenylalanine/Polyaniline 
 Core/Shell Conducting  
Nanowires 

Experimental work where self-assembled peptide nanowires 
were used as a template for the synthesis of hollow 
polyaniline (PANI) nanotubes 

100 (2009)  

Bioactive Nanostructures Review of functional peptides with dendritic lipid groups 
forming  nanoparticles with controlled morphologies and 
assembled in aqueous solution 

99 (2007) 
101 (2008)  

Quantum Dots (QDs) in  
tertbutoxycarbonyl-Phe-
Phe-OH  (Boc-FF) peptide 
networks  

Experiments/Theory showed optical absorption of QDs with 
luminescence of excitons  

102 (2009) 

Peptide nanostructured 
 electrodes 

Implications in Ultra- Sensitive Enviromental Monitoring.  103 (2010) 

Piezoelectric Peptide  
Nanotubes 

High effective piezoelectric coefficient of about 60 pm/V 
(shear response) was reported for  Self-assembled 
diphenylalanine 
peptide nanotubes (PNTs).  

35 (2010) 

Electronic Conductor  
Based on β-3-thienylalanine 

Using quantum mechanical calculations, MD and QM/MM 
simulations reported the optimal conditions for design of a 
nanowire.  

104 (2009) 

Peptide scaffolds Peptide scaffolds are used for for neurite outgrowth and 
synapse formation, they are formed by self-assembly of ionic 
self-complementary oligopeptides. 

3 (2000) 

 
 
2.3. Fundamentals of Computational Methods 

 

2.3.1. Molecular Dynamics 

 Molecular Dynamic (MD) is a technique that allows the calculation of dynamic 

properties for classical many-body systems.  In MD, the contributions to the total energy 

of the system from covalent and non-bonded interactions are included in a mathematical 

function or “potential function” known as Force Field. In general, all physical properties 

are the result of these intermolecular interactions and are expressed as time averages, 

derivatives or fluctuations of the functions of interaction potentials105. Hence, molecular 

dynamics in principle provides important information about the system under study from 

molecular level interactions, see Fig. 2.14. 
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 The CHARMM force field was developed by Dr. Martin Karplus group at 

Harvard University106 in 1983. It is an all-atom force field designed for molecular 

modeling and molecular dynamics which has successfully been used in computational 

studies for proteins and peptide systems.  The potential energy function implemented in 

NAMD is given by:  

 

CoulombvdWdihedralanglebondTOTAL UUUUUU ++++=
   (2-1) 

 

where, UTOTAL represents the total energy, which accounts for contributions from 

stretching (Ubond) , bending (Uangle), torsion (Udihedral), van der Waals (Uvdw) and 

Coulomb (UCoulomb) interactions. The mathematical expression for each term is given by:  
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 The parameters required in the previous potential functions (
i

bond
i rk 0, , etc. ) are 

taken from the latest version of the CHARMM force field109. These values were 

determined by combination of empirical and quantum mechanical calculations.  

 Finally, it is important to mention that in order to simulate a complete 

representation of the system and to be able to approach the bulk behavior, a set of 

periodic boundary conditions (PBC) are defined. This will create infinite copies of the 

simulated unit cell in three dimensions, the atoms in the central simulation box boxes 

behave in the same manner as their replica images, and can freely cross box boundaries. 

Under periodic boundary conditions the linear momentum of the system will be conserved.   

 

2.3.2. Nosé-Hoover Langevin Piston Barostat 

The Nosé-Hoover Langevin Piston method is a modification of the Nosé-Hoover 

method110 in which the fluctuations in the barostat are controlled through a Langevin 

Dynamics method111. In order to simulate the NPT ensemble, it requires to be combined 

with a temperature control method. The equations of motion are expressed as:  

i
i

i
i r

V
V

m
pr

.
.

3
1

+=
         (2-7) 

p
V
VFp ii

.
.

3
1

−=
         (2-8)

 

[ ] )()(1 .

0

..
tRVPtP

W
V +−−= γ        (2-9) 

 

where, r is the position, p the momentum, m the mass, V the volume and Fi is the force 

of each atom. P(t) is the instantaneous pressure, P0 is the external imposed pressure, W is 

the mass of the piston, γ is the collision frequency and R(t) is a random force taken from 

a Gaussian distribution with zero variance and mean. Below is the expression for R(t), 

where, kB is the Boltzmann’s constant.  
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W
tTktRR B )(2)()0( δγ ⋅⋅⋅⋅

=                           (2-10) 

 

2.3.3. Langevine Thermostat 

 In order to correctly control the temperature, the system is coupled with a 

reservoir or heat bath; The Langevine thermostat107 models the influence of a heat bath 

by adding a small random noise and a frictional force directly proportional to the 

velocity of each particle. These two terms are balanced to maintain a constant 

temperature. The heat trapped in localized modes is removed using this model when 

each particle is coupled to a  heat bath. The mathematical model for Langevine 

Dynamics is shown below. 
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where M is the mass, v  is the velocity, F is the force, r is the position, γ is the friction 

coefficient, kB is the Boltzmann constant, T is the temperature, and R(t) is a random 

term. The coupling is applied by adding the fluctuation and frictional forces ( last two 

terms) to the Newton’s equations of motion107.  

 

2.3.4. Constrains: SHAKE/RATTLE Algorithm  

 In molecular dynamics, constrains are applied to the systems. Generally the 

simulations are carried out so that the internal coordinates satisfy bond-length and bond 

angle constrains. Also explicit or implicit constrains forces can be applied to bond and 

angle lengths. The constraint algorithms should be implemented effectively in order to 

prevent expensive and long computation times.  

 The SHAKE method112 is based on the Verlet algorithm in which only the atomic 

positions are constrained; RATTLE is the velocity Verlet version of SHAKE where both 

positions and velocities are constrained113.  SHAKE requires previous information for 
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the positions while RATTLE can calculates the new positions and velocities without 

earlier history. RATTLE also uses cartesian coordinates to describe the configuration of 

internal constrains in a molecule and like SHAKE is based on the Verlet algorithm. 

RATTLE is of higher precision than SHAKE on computers of fixed precision and it is 

convenient in molecular dynamics simulations at constant temperature and pressure 

where the velocities need to be rescaled113.  

 

2.3.5. Electrostatics: Particle Mesh Ewald (PME) 

The Ewald summation114 is the conventional method used to evaluate long-range 

electrostatic interactions in systems where periodic boundary conditions are applied. The 

infinite sum of charge-charge Coulomb interactions for a charge-neutral system is 

conditionally convergent. 

Ewald summation sums over each box first, then sum over spheres of boxes of 

larger radius. This method is considered more reliable than a cutoff scheme, although it 

is noted that the artificial periodicity can lead to bias in free energy. The particle–mesh 

Ewald (PME) method115 is a fast numerical method to compute the Ewald sum for large 

periodic systems. 
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CHAPTER III 

THERMO-MECHANICAL CHARACTERIZATION  

OF PEPTIDE NANOTUBES* 

 

3.1.  Overview 

Peptide nanostructures present wide range of opportunities for potential device 

and applications in biomedicine and bio-nanotechnology; hence thermo-mechanical 

stability studies on these materials are important and crucial for the design of their 

applications. 

 Recently, the interest in deformation and fracture of protein materials has 

intensified116; the mechanical stability of collagen tissues, beta-sheet structures and alpha 

helical structures has been studied using atomistic simulations and multi-scale modeling 

methods117. These findings, have illustrated the potential of peptide materials for nano-

scale and biomedical applications3.  However understanding the effect of molecular 

scale organization in the macroscopic mechanical behavior of these peptide based 

materials still remains in the earlier stages. Therefore, further experimental and 

theoretical studies have an important role contributing to the rational design of new 

functional peptide nanostructures.  

Different theoretical approaches have been proposed to calculate the elastic 

constants of materials. These methods include empirical force-constant models 118,119, 

second derivative methods120, molecular-dynamics simulations using fluctuation 

formulas 121,122 and finite elasticity theory based deformation methods123-126. One of the 

pioneers in the investigation of mechanical properties using atomistic simulations was 

Andersen 127, in his method the pressure was held constant and the volume of the system 

represented a dynamical variable. 

____________ 
*Part of this chapter is reprinted with permission from “Thermo-mechanical stability and strength of 
peptide nanostructures from molecular dynamics: self-assembled cyclic peptide nanotubes” by Carvajal-
Diaz, J. A. & Çağin, T. Nanotechnology 21, 115703 (2010). doi: 10.1088/0957-4484/21/11/115703 
Copyright 2010 by IOP Publishing. 
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 Parrinello and Rahman 128,129 method allow changes in both the size and shape 

of the molecular dynamics cell. A matrix h was defined from the molecular dynamics 

simulation cell parameters as h = (a, b, c); where a, b, and c are the cell vectors and 

constitute the columns of the h-matrix. In the Parrinello-Rahman approach h is a 

dynamical variable that describes the shape and size variations of the molecular 

dynamics cell. Ray and Rahman130 showed how the MD theory can be used together 

with the theory of finite (or nonlinear) elasticity131. They defined the EhN ensemble; in 

which not only the volume (V= det (h)) is kept constant but also the shape of the 

molecular dynamics simulation cell. The introduction of the h matrix into the theory, 

allows a full description of the elastic properties of a system of arbitrary symmetry. In 

this study, we apply strains of arbitrary magnitude to the system and the finite theory of 

elasticity is used for the calculation of the second order elastic constants. 

The calculations of elastic constants using atomistic simulations have become 

useful to provide a complete description of the elastic response of materials such as 

metals 7, ceramics8, polymers9, carbon nanotubes132 and minerals, among others. Gupta 

and coworkers have demonstrated the use of the finite strain theory of homogeneous 

elastic deformation with first principles methods to calculate second order elastic 

constants (SOEC) and third order elastic constants (TOEC) for crystals of low 

symmetry, illustrating the general applicability of the method. They found out that fitting 

the energy-strain relation is more robust numerically than fitting the stress-strain relation 

and the coefficients derived from fitting the calculated total energy are less sensitive to 

the details of computations compared to stress-based approaches133.  

In the present work, we have used Lagrangian strain tensors characterized by a 

single strain parameter, and each strain tensor is applied to the crystal lattice, using the 

definition of the h matrix given by Ray and Rahman130. The elastic strain energy is 

calculated from the molecular dynamics simulations, hence including the temperature 

effect. The second-order (isothermal) elastic constants are obtained from a polynomial 

fit to the calculated energy-strain relation obtain from constant temperature simulations. 

This work focuses on a specific system: peptide based nanostructures self-assembled in 
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nanotubes forming a two-dimensional ordered structure following the model of cyclic 

peptide nanotubes synthetized by Ghadiri13. The use of periodicity in the third dimension 

makes up a 3-dimensional infinite crystal. In these peptide nanotubes, the peptides 

subunits present covalent interactions between the amino acids forming each ring; the 

hydrophobic side chains interact through VDW forces providing stability between the 

tubes. The hydrogen bonding between the peptide subunits represents the strongest 

intermolecular forces of the system and directs the self-assembly of these tube-like 

peptide nanostructures. Anisotropic behavior is expected for the mechanical properties 

of this system due to the different nature of interactions present along different 

directions.  

Up to date, there is not report of mechanical characterization of these nanotubes. 

Therefore, the study and understanding of the mechanical stability and strength of these 

materials is important in order to be able to predict and design the previously mentioned 

applications.  

In this chapter, a homogeneous deformation method is combined with the finite 

elasticity theory and molecular dynamics simulations (MD) is presented for the 

calculation of second order anisotropic elastic constants; additionally thermodynamic 

properties are also reported for the model formed by self-assembled cyclic peptide 

nanotubes.  

 

3.2.  Description of the Model 

 

The results presented here are related to the first experimentally synthesized 

peptide nanotubes, obtained by Ghadiri13.  These nanotubes form a crystalline network, 

which has been characterized experimentally and cell parameters known13. One tube is 

made out of cyclic peptide subunits formed by eight amino acid residues, each 

represented as Cycle[-(D-Ala-Gln-D-Ala-Glu)2-]. The D,L amino acids are: Glutamine 

(Gln), D-Alanine (Ala) and Glutamic Acid (Glu). The octa-peptide subunit and nanotube 

structure is shown in Fig. 3.1.  
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3.3. Thermodynamic Properties 

 

3.3.1. Computational Details 

Molecular Dynamics simulations give the first-order properties such as internal 

pressure, internal energy and density in time and averages over time yield the 

thermodynamic observables. The second-order properties are the thermodynamic and 

mechanical response functions such as the specific heat capacity, the isothermal 

compressibility, the thermal expansion coefficient, the elastic constants, etc., these may 

be obtained from the first order properties using numerical differential methods, or 

statistical fluctuation formulas derived from definition of entropy or free energy 134,135. 

 

CP =
∂E
∂T

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

P

; VκT = −
∂V
∂P

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

T

; VαP =
∂V
∂T

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

P

       (3-1) 

 

We have used exclusively the NAMD2.5107 program with the CHARMM force 

field representing the interatomic interactions in the model system. Isothermal-isochoric 

and isothermal-isobaric ensembles were used in the calculations of thermodynamic 

properties such as specific heat capacity, bulk modulus and thermal expansion 

coefficient of the peptide nanostructures. NPT dynamics are used to determine bulk 

properties at atmospheric pressure. Temperature was increased from 100K to 700K 

using the Langevine thermostat as temperature control method. 

 

3.3.2. Results and Discussion 

Thermodynamic properties were calculated using the NPT (isothermal-isobaric) 

ensemble. The thermal expansion coefficient and the specific heat capacity were 

calculated from NPT simulations from 0 GPa to 16 GPa and the isothermal 

compressibility factor value is reported at 300K (see Fig. 3.4 and Table 3.2.).  
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Table 3.2. Thermodynamics Properties of Crystalline Cyclic Peptide Nanotubes at 300 K 

 

 

 

 

3.4. Anisotropic Elastic Constants 

 

3.4.1. Homogeneous Deformation Method 

Taking a reference state is needed in order to describe a strained state of a 

system, one needs to define a reference. We can define the h-matrix, which represent the 

shape and the size of the system, and in an arbitrary coordinate frame in terms of its  unit 

cell vectors as its columns: 

h =
ax bx cx

ay by cy

az bz cz

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 
          (3-2) 

The h-matrix transforms the fractional/crystallographic coordinates (ξ, η, ζ)  to 

Cartesian coordinates (x, y, z) as follows:  
x
y
z

⎛ 

⎝ 

⎜ 
⎜ ⎜ 

⎞ 
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= h
ξ
η
ζ

⎛ 
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⎞ 

⎠ 
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           (3-3) 

 

If the ZYX-crystallographic convention assumed, it becomes a lower triangular 

matrix, with bx = cx = cz = 0.   

One can write the h matrix in terms of components of cell vectors as well as the 

more commonly used cell parameters, (a,b,c, α, β, γ,) as follows: 

 

h =
ax 0 0
ay by 0
az bz c

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
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a sin β cos γ * b sinα 0

a sin β bcos α c

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 
      (3-4) 

Cp (Kcal/mol) 1.32 
κ(GPa-1) 2.9x10-2

α (1/K) 1.3x10-4
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 where,   
βα

βαγγ
sinsin

coscoscos* −
=         (3-5) 

 

This zero stress state value of this matrix ho represents the cell size and shape 

before application of any deformation and it is therefore used as the reference state to 

define the strain tensor of finite theory of elasticity122 as: 

 

 ε =
1
2

˜ h 0
−1Gh0

−1 − I( )           (3-6) 

 

where G matrix is defined as; G = ˜ h h , the tilde indicates matrix transposition122. The 

finite strain expression can trivially be inverted to express the metric tensor, G,  

 

G= ˜ h 0(2ε+I)h0          (3-7) 

in turn, the cell parameters are defined as a function of applied strain; first the cell 

lengths: 

 

a= G11 ; b= G22 ; c = G33         (3-8) 

 

and the nonzero components of a and b from 

 

az =G13/c; bz =G23/c; by = b2 −bz
2 ; ay = G12 −azbz( )/by; 222

yzx aaaa −−=
 

 (3-9) 

 

In this work, after establishing how to apply the strain properly to the molecular 

level models, we combine the method of homogeneous but finite deformations with the 

total-energy calculations from molecular dynamics simulations to provide the general 

method for determining second order elastic constants of self-assembled cyclic peptide 

nanotubes at elevated temperatures, in particular at 300K.  
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To establish the basis of our calculations, we start by defining the strain energy 

with respect to reference, unstressed state. If a body is deformed, then its strain energy 

can be expressed as a Taylor series expansion in strain as: 

 

ΔE =
V0

2!
Cijklεijεkl +

V0

3!i, j,k,l
∑ Cijklmnεijεklεmn + O(ε4)

ijklmn
∑

               
(3-10) 

 

For generality we have given the expression up to third order elastic constants. 

We can express the strain energy in commonly encountered Voigt notation; where the 

Voigt notation uses a 6-vector notation utilizing the inherent symmetries of the strain 

tensor and elastic constants: 
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   (3-12)  

 

Elastic constants are obtained from a polynomial fit to the calculated energy-

strain relation. Fitting the energy-strain relation, rather than the stress-strain relation, 

provides a more robust procedure and enables the use of certain first-principles codes 

where the stress tensor cannot be determined directly as well. 

 

3.4.2. Energy-Strain Relationships and Elastic Constants 

After expanding the elastic energy per unit volume of specific strained systems 

and fitting the energy values with respect to the value applied of ξ, the second order 

elastic constants (SOEC) are obtained from the coefficients of the second order terms of 

the expression. Results are plotted in Fig. 3.5 (a-h). 
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are consistent with the various mechanical stability relations given in terms of 

anisotropic elastic constants for trigonal crystals. 

 
Table 3.3. Anisotropic Elastic Constants of Cyclic Peptide Nanotubes 

Cij (GPa) Cij (GPa) 
C11 8.09 C66 0.77 
C22 10.16 C12 6.56 
C33 19.65 C13 9.56 
C44 1.23 C14 0.57 
C55 1.23 C23 9.59 

 

The value found for C33 is highest as expected due to the strong intermolecular 

forces (Hydrogen-bonds) along z (tube axis) direction. The difference between C11 and 

C12 is larger than zero, indicating tetragonal shear stability, but corresponding tetragonal 

shear constant is 0.7 GPa is an indication of delicate nature of this tetragonal shear 

stability. The values of C44, C55 and C66 are small compared to the other constants, this is 

an indication of the weakness of the shear stability of the membrane, but still these 

numbers are high enough to keep the system self-assembled and intact.  The smallest 

value is C66 and this is in plane xy pure shear value. This resulted is as expected and 

quite close in value to corresponding tetragonal shear, Ct= (C11-C12)/2. The values for 

C11 and C22 are smaller compared with the C33 coefficient, since these two constants are 

mainly representation of van der waals and electrostatic forces. However, these values 

are still noticeably larger than most of the amorphous polymers. 

The Young’s modulus can be approximated to the value of the C33 elastic 

constant. The Young’s Modulus calculated from molecular dynamics is 19.65 GPa, this 

value is higher than the C11 and C22 components; this confirms the anisotropy of the 

system and its more rigid character in z direction can be attributed to the hydrogen bonds 

that assemble the peptide subunits of the nanotubes. There is no experimental value of 

the Young’s modulus for this particular system, however the peptide nanotubes made up 

of diphenyl alanine peptides is reported to have a Young’s modulus of 19 GPa33 which is 

in close agreement with our finding.  
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3.5. Summary 

 

Peptide Nanostructures are mechanically stable materials with huge possibilities 

to be studied and a promising number of applications in biomedicine and bio-

nanotechnology. Here, the anisotropic elastic constants for cyclic peptide nanotubes at 

300K were reported. This methodology can be used to obtain a better understanding in 

the mechanical stability of different peptide materials with known cell parameters.   

It is important to design a methodology to optimize the initial structure of the 

molecular model in order to represent the experimental model. CHARMM force field 

was validated to predict peptide materials properties accurately.  The behavior of the 

elastic properties at different temperatures can be further investigated as well as the 

thermal stability of the system.  The ordered conformations in which the peptide 

subunits and nanotubes are self-assembled influence favorably the stability of the 

membrane. The result for the Young’s modulus is in good agreement with previous 

reported results for similar peptide nanotubes and protein crystalline systems. The yield 

behavior could be explained as a consequence of breaking the Hydrogen-bonds when 

applying the tensile strain deformation, this have to be further investigated. 
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CHAPTER IV 

TRANSPORT PROPERTIES UNDER NANOSCALE IN PEPTIDE 

NANOTUBES* 

 

 

4.1.  Overview 

 

The exploration of transport behavior and structure of fluids in nanoscale 

confinement is common to many systems and problems: water channels136,137, separation 

of multicomponent molecular mixtures138, biological channels139 and confinement effect 

on glass transition140. Nanoscale diffusion mechanism changes depending on the relative 

size of molecule and pores. The decrease in pore size leads to different modes of 

diffusion at molecular level: from a normal-mode to a transition-mode and then 

subsequently a single-file mode141. Understanding the change in structure and transport 

of fluids under nanoscale confinement conditions can contribute to design better nano-

fluidic devices and as well as help to understand biological function of cell membranes. 

Experimentally, it is necessary to have a defect-free nano-porous materials of 

known size and narrow size distribution in order to study nanoscale transport and 

confinement mechanisms142,143; however it is still very difficult and expensive to 

produce small inner diameter and uniform nano-pores on a macroscopic membranes. 

 Due to the channel structure and the interaction between channel and molecules, 

transport mechanism studies are essential to get fundamental insight of nanoscale 

transport phenomena. Fortunately, a similar but less complicated structure or model is 

always a good substitute to study its primary characteristic. Molecular dynamics (MD) is 

an efficient method to study molecular transport and confinement phenomena inside 

nano-pores such as zeolites, carbon nanotubes and biological channels.  

____________ 
*Part of this chapter is reprinted with permission from “Structure and Dynamics of Water Within 

Single Wall Carbon Nanotubes and Self-Assembled Cyclic Peptide Nanotubes” by Carvajal-Diaz, J. A., 
Liu, L. & Cagin, T.  Journal of Computational and Theoretical Nanoscience 6, 894-902 (2009). Copyright 
2009 by American Scientific Publishers. 
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MD can help to predict the new materials properties, contributing to optimize 

their rational design, while saving time and investment144. 

 
4.2.  Transport of water in single wall Carbon Nanotubes 

 

Carbon nanotubes (CNT) have uniform pore size and composition, with a quasi-

one-dimensional feature and continuously smooth walls. It has several promising 

applications for its interesting properties, such as selective molecular filter145, support 

material for catalyst146 and nanofluidic devices147 . It is also a good prototype for those 

more complicated channel structures, especially biological channels, and is amenable to 

study by MD method for its simplicity, stability and small size148.  

In 2001, Hummer et al. showed the potential application of single wall carbon 

nanotube as a water channel149. Although there were several other computational studies 

on carbon nanotubes published earlier, Hummer was the first to propose that 

hydrophobic carbon nanotube can serve as water channel. Mao and Sinnott later studied 

the dynamic flow and molecular diffusion of small organic molecule such as methane, 

ethane and ethylene150,143 and their mixture in carbon nanotube; and theoretically have 

shown the possibility of use of carbon nanotubes as membrane filters. Their study of 

diffusive flow through nanotubes shows that nanotube diameter has significant effect on 

molecular diffusion mechanism. If the molecules have strong interaction with nanotubes, 

the dynamics of flow will be further slowed down.  

 Walther et al. studied water and carbon nanotube energetics for solvated 

systems, i.e. water interaction with the external surfaces of nanotube151. Martí and 

Gordillo studied the temperature effect on static and dynamic behavior of water inside 

carbon nanotube152. They analyzed the distribution of hydrogen-bonding network, 

hydrogen and oxygen density in nanotube as a function of temperature. They have 

reported that there are no complex hydrogen-bond structures in narrow tubes.  

Several water transport models in carbon nanotube have been proposed 

prevously. In 2002, Berezhkovski and Hummer proposed the continuous-time random 

walk model 153 154. They used this model to describe the concerted motion of confined 
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molecules and calculate single-file transport properties. Zhou et al. proposed the one 

dimensional lattice gas model155, which has the same shortcoming as above model.  Zhu 

et al. proposed a collective diffusion model based on a statistical mechanics treatment156, 

this model is limited to single-file channels and it can be used to study equilibrium and 

non-equilibrium transport phenomena establishing the quantitative relationship between 

spontaneous water movement and pressure induced water flux; it provides an analysis 

tool for nanoscale transport phenomena. However, even though these studies have 

contributed, confined water behavior in nanopores is still far from being fully 

understood. Here, we present molecular dynamics simulations to study confined water 

transport, the results from confined water in CNTs is compared with CPNTs channels 

under the same simulation conditions.  

 

4.2.1.  Computational Details 

For the case of carbon nanotubes, armchair and zigzag nanotube membrane was 

constructed by hexagonally packing of identical carbon nanotubes. In the membrane, due 

to close packing, the gaps between tubes were so narrow that water molecules could not 

enter.  The nanotubes were fixed in space, the channels were initially empty and water 

molecules flowed into the nanotubes (from the reservoir domains) during the 

simulations. There were enough water molecules in the reservoir section of the 

simulation box, see Fig.4.1.; bulk water was always present away from the entrances of 

the nanotubes, this model can avoid the “image” effect between conducted water. 

 

                                      
Figure 4.1. Carbon Nanotubes in Water Simulation Box 
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For the cases of CNT armchair (n,n) and zigzag (n,0) chirality, two different 

length and several diameters were constructed for the analysis. The types of CNT 

studied in this work are listed in Table 4.1. where van der Waals diameter means the 

distance between van der Waals surfaces of carbon atoms along nanotube diameter.  
 

Table 4.1. Simulated Geometries of Carbon Nanotubes 

CNT 
geometry Length (Å) VDW diameter  

(Å) 

(6,6) 23.37 97.17 4.5 

(7,7) 23.37 97.17 5.9 

(8,8) 23.37 97.17 7.2 

(9,9) 23.37 97.17 8.6 

(10,10) 23.37 97.17 9.9 

(15,15) 23.37 97.17 16.8 

(10,0) 24.15 100.84 4.3 

(14,0) 24.15 100.84 7.4 

(16,0) 24.15 100.84 8.9 

(18,0) 24.15 100.84 10.5 

(26,0) 24.15 100.84 16.8 

 
 

All simulations were performed using NAMD2.5 and the CHARMM force 

fields, under constant temperature (300K) and constant pressure (1 atm = 1.013 bars) 

conditions. Model systems were run for 3 ns and the last 2 ns were used for analysis with 

coordinates recorded every 1 picosecond (ps). The nanotubes were constrained and just 

the water molecules were allowed to move. Time step of integration was 1fs. Periodic 

Boundary conditions were used. The SHAKE/RATTLE algorithm was imposed for 

fixing the O-H bonds during evaluating the equations of motions. For the interaction of 

waters transferable intermolecular potential (TIP3P) water model was employed and in 

evaluating electrostatic interactions Particle Mesh Ewald (PME) algorithm was used. 

After the equilibration of the system self-diffusion coefficient and dipole correlation 

functions were calculated. Self-diffusion coefficient calculation and hydrogen bond 
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analysis were based on 300 ps long simulation trajectory with the coordinates recorded 

every 50 fs in the NPT ensemble (300 K, 1.013 bars). Dipole moment study was based 

on 30 ps long simulation trajectory with coordinates recorded every 10fs.  

 

4.2.2 Results and Discussion 

The cross sectional views of equilibrium water configuration inside nanotube are 

shown in Fig 4.2. Water molecules form layer structure inside nanotubes  Fig 4.2. shows 

that a single-file water chain is occupying the pore of (6, 6) nanotube and water 

molecules, linked by hydrogen bonds, are cyclically stacking inside (8, 8) nanotube. 

Here the single-file water chain in (6, 6) nanotube is recognized as one layer whose 

radius is almost zero. 

 

 
Figure 4.2.  Cross-sectional view of Water Equilibrium Profile inside Armchair CNTs 

 
 
 

To characterize water configuration quantitatively, water radial distribution 

probability curve along nanotube radius is shown in Fig 4.3, while reduced water density 

distribution along nanotube axis is shown in fig 4.5. From Fig.4.3, water radial 

distribution probability curve inside (6, 6), (7, 7), (8, 8) nanotube are unimodal, which 

means water molecules form single layer structure inside these three types of nanotube. 
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 Dipole-dipole correlation function is calculated to further study water dynamics 

behavior inside nanotube as shown in Fig.4.8. Water dipole-dipole correlation functions 

in (6, 6), (7, 7) and (8, 8) nanotube decay slowly. While in (10, 10) nanotube and 

nanotube with larger diameter, water dipole-dipole correlation is limited within the next 

two neighbors. So with the increasing VDW diameter, the dipole-dipole correlation 

changes from long-range to short-range.  

 

 
Figure 4.8.   Dipole-dipole Autocorrelation Function (γ is the angle between dipole moments of water 

molecules that are separated by the distance r). Solid line Represents the dipole-dipole Correlation 
Function in 2.337 nm Nanotube and dash line is the result in 9.717nm Nanotube. 
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patterns are similar to those in armchair nanotube, which are not shown here. By 

examining the dipole correlation function, we found nanotube chirality does not affect 

the water reorientability, which is mainly determined by the available space in nanotube 

and the nanotube length. The comparison between self-diffusion coefficient of water in 

armchair and zigzag nanotube infers that chirality doesn’t affect water diffusion. 

 

4.3. Transport of Water in Cyclic Peptide Nanotubes  

Nature forms complex three-dimensional structures through spontaneous 

association of molecules termed “molecular self-assembly”. In this study, we will focus 

on peptide-based self-assembled nanotubes to study its transport properties. Here, we 

present the cyclic peptide nanotube designed by Ghadiri4 as alternate water channel, in 

order to compare its transport properties with equivalent sizes of carbon nanotubes 

(CNTs). The internal diameter of the nanotubes ranges between 7-8 Å and 13-15 Å and 

it can be controlled by changing the number of the amino acids in the cyclic peptide 

sequence14,4. 

Various applications were offered for these tubular structures. One of the first 

applications was based on their membrane interactions. As the cyclic peptide nanotubes 

are toxic to bacteria, they were demonstrated to serve as novel antibiotic agents15. Other 

potential applications include drug delivery, and application in material sciences, since 

new composite material can be formed by nucleation of inorganic materials into the 

peptide structures15. Structures consisting of eight13, ten17, and twelve157 cyclic peptide 

subunits form tubular structures with the diameter of the internal van der Waals pore 

estimated to be 7, 10, and 13 A°, respectively. These structures have been shown to be 

large enough to serve as a conduct for water16, function as size-selective ion and mediate 

the transport of biologically relevant molecules158,159. 

In 1995, Engels, Bashford and Ghadiri by the first time studied the dynamic 

behavior of water in self-Assembled peptide nanotubes16. They suggested that water 

diffusion could be understood as a series of “hops” between zones, which can cause 
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transient local deviations from the ideal number of water molecules in a zone. They also 

suggest longer simulations for a better estimation of the diffusion process in these 

nanotubes. Peptide nanotubes can be self-assemble into complex multimeric entities that 

constitute nanopores, or ‘‘barrel staves’’. Just like multi helix trans-membrane proteins, 

these nanopores result from the association of individual nanotubes through favorable 

interactions of their polar residues—constituting the hydrophilic interior of the pore—

whereas the no polar ones are exposed to the aliphatic chains that form the hydrophobic 

core of the lipid bilayer. The ability to tailor surface characteristics of the nanotubes by 

changing the amino acid side chain functionality enable the design of trans-membranes 

and nanochannels with competitive transport efficiencies compared with other common 

used materials. 

Both of the systems described previously, carbon nanotubes and cyclic peptide 

nanotubes present a uniform environment apart from the distinct character of their 

specific interactions with water. Carbon nanotubes have hydrophobic cylindrical core in 

contrast with the hydrophilic core structure presented by cyclic peptide nanotubes. In 

this study, we intended not only investigate the structural stability and dynamics of water 

in both types of nanotubes, but also analyze the most interesting factor: the influence of 

the interactions channel-water in the nanotubes on the diffusion properties of the water 

molecules. 

 

4.3.1.  Computational Details 

The same parameters and software as used in the CNTs case was used. For cyclic 

peptide nanotubes, structure is a β-sheet-like hydrogen bonded stacks of cyclic subunits.  

The starting tube was constructed according to the model proposed by Ghadiri13. 

Nanotubes with eight, ten and twelve amino acid residues were formed by cyclic [-(D- 

Ala-Gln-D-Ala-Glu)2-] subunits using the VMD visualization package and Matlab. The 

peptide membranes with different number of peptides lead different configurations of 

packing of tubes (with different diameters as well). Packing of CPNTs for two different 

diameters is shown in Fig. 4.10. Different diameters of CPNT are shown in Fig 4.11 
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Figure 4.10.   Two-dimensional Packing Arrays for 12-peptide and 8-peptide-based CPNTs. 

 
Figure 4.11.   Cross Sectional View of the Peptide Nanotubes 

 

4.3.2.  Results and Discussion 

For the case of Peptide nanotubes, the average water molecules of the 

octapeptide nanotube is 31.5, this result agrees with the results found by Engels and Co-

workers16. They found an average of 32.8 molecules in an octa-peptide nanotube of 10 

subunits, equilibrium water number for this system is shown in Fig.4.12. 

 

Figure 4.12.  Equibrium Number of Water in octa-CPNT 
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The peptide nanotube shows unimodal radial distribution probability of the water 

molecules, as seen in Fig.4.13., the water molecules form single layer structure inside 

the nanotubes for the case of small diameter, for larger diameter the radial distribution 

becomes more even and more molecules are founded in the tubular cavity.  

 
Figure 4.13.  Radial Distribution Probability and Reduced Density 

 

The reduce density along the nanotube shows the reduction of density of water 

molecules once they enter into the nanotube. Single file mechanism is suggested as 

transport mechanism for the octapeptide nanotubes; the water molecules are hopping 

along the axial direction under density difference as driving force. Inside the nanotube 

the interactions between the water molecules and the amino acids of the nanotube 

increases, the interactions slow down the motion of water molecules.  

The axial distribution of water in the nanotubes shows that there are more zones 

populated than others, see Fig.4.14., it occurs between the rings because the water 

molecules find more space available to move, and those zones are more hydrophilic than 

the alpha carbon plane due to the H-bonds presence. 
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Figure 4.14.  Occupancy of Water in CPNTs 

 

The molecular diffusion is analyzed through the time evolution of the mean square 

displacement (MSD), as described previously for the case of CNTs. See Fig. 4.15. 

 
Figure 4.15. MSD Curve for CPNTs 
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In Table 4.2 the calculated diffusion coefficients for equivalent diameters of 

CNT and Peptide Nanotubes are listed. All the values were higher for the case of the 

peptide nanotubes. 
 

Table 4.2. Comparison of Diffusion Coefficients for Water in CPNTs vs CNTs 

System Diameter (A) Diff. Coeff. (calc) 
(10-9 m2/s) 

Bulk water ----- 2.17 
12-peptide 14 1.23 
(15,15) CNT 15 0.41 
8-peptide 8.8 0.41 
(9,9) CNT 8.6 0.25 
(8,8) CNT 7.2 0.13 

 

These results verify the favorable character of peptide nanotubes due to their 

hydrophilic tubular core compared with the hydrophobic character of the tubular core of 

CNT. Peptide nanotubes can constitute promising materials in areas such biotechnology 

and biomedicine due to their nature and properties. 

The Probability of Hydrogen Bonds inside of peptide nanotube shows to be 

unimodal for octapeptide and the peaks tend to disappear for larger diameters, see Fig 

4.16. It is very similar to the probability of equivalent diameter of CNTs. Dipole-dipole 

autocorrelation function was also calculated to represent the re-orientability of the water 

molecules inside of the nanotube (γ is the angle between dipole moments of water 

molecules that are separated by the distance r). 

As in the case of CNTs when increasing the diameter, the hydrogen bond 

probability becomes more even and approach the bulk water behavior, as seen for the 

12-peptide/ring nanotubes in Fig. 4.16. This behaviour is expected because the water 

molecules have larger available space to complete the typical hydrogen bond distribution 

found in bulk water. For smaller diameters the water reorientation is restricted and water 

movement is limited due to confinement.  
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Figure 4.16.  Hydrogen Bond Probability in CPNTs 

 

Dipole-Dipole Correlations are shown in Fig. 4.17.; the curve decay faster for 

smaller diameters in CPNTs . Then, we can conclude that the correlations change from 

long range to short range when decreasing the diameter.  

 
Figure 4.17. Dipole-Dipole Autocorrelation Function in CPNTs 
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4.5 Summary  

 

For the case of CNTs, it was found that the water static behavior is dominated by 

the available space inside nanotube, which is directly related to the nanotube’s diameter. 

Chirality and nanotube length do not have a significant effect on water dynamics within 

the nanotubes. Results demonstrated that the effect of nanotube length is significant for 

transport properties of water in intermediate carbon nanotubes. Water self-diffusion 

coefficient and reorientability present significant changes in these intermediate 

nanotubes. However, nanotube chirality does not have any influence on water dynamic 

behavior. 

The transport of water was favored in peptide nanostructures compared with 

equivalent sizes of CNTs. The hydrophobic side chain interactions allow the aggregate 

to form a crystalline stable structure. 

The more hydrophilic zones of the nanotube are located between the rings and 

are the more populated zones of water molecules. The diffusion mechanisms of water in 

the octa-peptide nanotube correspond to single file diffusion.  The greater diffusion 

coefficients within cyclic peptide nanotubes is attributed to the hydrophilic character of 

the hollow tubular structure due to the high hydrogen bond density79. 
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CHAPTER V 

ELECTROPHORETIC TRANSPORT OF Na+ AND K+ 

IONS WITHIN CYCLIC PEPTIDE NANOTUBES 

 

 

5.1.  Overview 

 

Cyclic peptide nanotubes play an important role as potential candidates for 

artificial ion channels. Experimentally, it was shown that these hollow tubular structures 

will conduct ions at higher rates than natural ion channels and present an alternative to 

antibacterial agents for therapeutic applications17. Fernandez-Lopez et al. demonstrated, 

with experiments, that cyclic peptide nanotubes can induce the death of bacteria by 

forming nano-scale channels in its membrane15.  Additionally, by using coarse grained 

molecular dynamics simulations, the self-assembly of cyclic peptide nanotubes into lipid 

bilayer membranes was reported by Hwang et.al.160. Interesting possibilities to improve 

the selectivity and ion rectification exist for these artificial ion channels161. Due to the 

low molecular weight, d,l-peptides offer an attractive complement to the current natural 

antibiotics and represent new options against infectious diseases, bio-sensing and drug 

delivery applications. For this reason, it is important to understand the insights of ion 

transport mechanisms while engineering these artificial ion channels to be able to mimic 

and control the features found in biological channels. Furthermore, understanding ion 

transport in nano-channels is important to explore engineering applications in 

nanofluidics, as well as clarifying the role of intermolecular forces (between ions, water 

and the inner surface of channels) on transport properties under confinement effects.  

 Channels in cell membranes have been studied experimentally and theoretically 

in the past162. In particular, natural channels have been widely studied due to their 

importance in biological processes and their relation to many diseases; previous studies 

have focused mainly on natural ion channels, natural water channels (aquaporins) and 

other membrane transporter channels85. Two of the most important natural ion channels 
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are the gramicidin channel and the KcsA potassium channels. Gramicidin is known as a 

natural antibiotic because it can alter the electrochemical potential across cell 

membranes; this channel was studied by Neher and Sakmann163, who won the Nobel 

prize in Physiology and Medicine in 1991 for their studies. The KcsA potassium channel 

was study by Mackinnon164, Nobel prize in Chemistry 2003; in this channel the 

combined effects of the ion’s energy and the electrostatic field of the helix give rise to 

selectivity for monovalent cations.   Computational studies of ion transport in gramicidin 

have been reported by Mackay et al.165, Jordan et al.166,167, Roux et al168, Chiu et al.169 

among many others. For the case of KcsA channel, Fowler et al. investigated K+ 

selectivity via molecular dynamics (MD)170, Noskov et al. studied the effect of carbonyl 

groups171 and hydration172 in K+ selectivity via molecular dynamics, Cordero-Morales et 

al. studied the molecular driving forces important in the KcsA inactivation mechanisms 

via MD simulations173; other computational studies have also contributed to 

understanding the mechanisms of transport in the KcsA channel87,174-176. On the other 

hand,   continuum dynamics methods have been used to study ion transport in 

membranes with the Poisson-Nernst-Plank (PNP) theory82,177,178; however to study 

nanofluidic transport in scales smaller than 5 nm, molecular dynamics methods are 

generally preferred due to different confinement effects179.  

Molecular dynamics simulation is one of the best methods available to elucidate 

ion channel mechanisms; however, in order to achieve a complete description, it is 

necessary to design simulations that are long enough to observe ion translocation. Also, 

it is important to choose a realistic and appropriate potential function to represent the 

ion-channel, ion-solvent and solvent-channel interactions properly and ideally the 

influence of typical potentials across cell membranes have to be included for a complete 

representation. Molecular dynamic simulations have revealed key information and 

principles about selectivity and transport in membrane channels, this technique provides 

details that are currently not easy to obtain experimentally due to the spatial and 

temporal resolution required for the analysis.  

Previously, Lynden-Bell et al.180 studied transport properties of ions and 
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uncharged molecules in nano-channels; they investigated the influence of water in ion 

transport at room temperature and calculated free energy profiles for different diameters 

of the channel. His work suggested that ion dynamics inside nanopores is affected by the 

non-uniform water density distribution and ionic hydration. Quiao et al.181 carried out 

molecular dynamics simulations of electro-osmotic transport of NaCl solutions in carbon 

nanotubes (CNTs) with different surface charges. They observed that the dependence of 

electro-osmotic transport on the surface charge was significantly different from the 

results obtained using conventional continuum theories. Tang et al. reported molecular 

dynamics simulations for the transport properties of KCl electrolyte solutions in a 

nanopore, showing the influence of confinement through the decrease of ion hydration as 

well as in hydrogen bonding and a strong influence of electric field magnitude in the 

orientation of water molecules182. Dzubiela et al. conducted MD simulations of water 

and ion permeation controlled with applied electric fields through a nanopore183; they 

found that the transport, density and structure of water are highly dependent on the field 

intensity. Hu et al.84 studied the electrophoresis of water and ions in protein crystals via 

non-equilibrium molecular dynamics; the effect of electric field in coordination numbers 

of ions and stability of the protein crystals was reported.  

Studies including the effect of electric field in membrane channels are important 

because the permeability and diffusion rate of molecules can be enhanced and 

manipulated. This enhancement has been proposed for potential applications like drug 

delivery, cancer treatment and gene therapy84. Then, the study of ion transport under the 

influence of electric field can lead us to possible manipulation of ion rates as well as 

induced open-closed states for the artificial ion channels. 

The first work in which cyclic peptide nanotubes were considered as artificial ion 

channels was reported in 1994 by Ghadiri et al.17. They measured ion channel 

conductance for Na+ and K+ to be up to three times faster compared with the 

Gramicidin channel. The first computational studies on ion transport in peptide 

nanotubes were reported in 2006 by Hwang et al.; this group performed steered 

molecular dynamics simulations where the potential of mean force for a single ion 
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passing through CPNTs was calculated. The results showed energy barriers of around 

2.4 kcal/mol at the channel entrances and energy wells in the middle of the tube81. In 

addition, they also studied ionic transport in CPNTs with sequences of eight and ten 

cyclo[(-l-Trp-d-Leu-)4] using the PNP continuum theory.  The results indicated 

agreement of ion currents curves, compared with experiments for low ion concentration, 

and overestimation for high concentrations82; in addition, limitations of PNP theory for 

these systems were discussed. Dehez et al. studied free energy profiles for one sodium 

ion transported in a peptide nanotube. It was found that the ion permeation depends on 

the nanotube structure and the location of the open-end of the channel with respect to the 

membrane surface where it is inserted184.  

In this chapter, the theoretical investigation of cyclic peptide nanotubes as 

candidates for artificial ion channels is investigated via molecular dynamics simulations; 

dynamic properties for transport of Na+ and K+ are studied through statistical 

thermodynamics analysis (mean square deviation curves), and structural analysis was 

performed via radial distribution functions and the estimation of coordination numbers; 

additionally, the influence of electric field  and temperature in the motion and hydration 

of ions within these CPNTs was investigated for the first time to the best of our 

knowledge. 

 

5.2.  Computational Details 

 

The cyclic peptide nanotubes model was constructed in agreement with the 12-

peptide/ring model synthesized by Ghadiri et al.4. These peptide tubes present a radius of 

13 Å and a channel length of 37 Å. The tubes were solvated in a 0.5 M solution of NaCl 

and KCl respectively. Periodic boundary conditions were used in all directions. The 

long-range electrostatic interactions were evaluated using the Particle Mesh-Ewald 

(PME) method. Simulations were performed using the NAMD2.6 software with the 

CHARMM force field. The system was initially minimized, and then it was equilibrated 

using NPT dynamics at 300K and 1Bar for 0.5 ns. Finally the electric field was applied 



 

and

An

nan

app

V/n

mo

 

5.3

0.4

dra

pep

the

 

5.4

for

into

Tra

d ion transpo

nalysis for th

nosecond of 

plied along t

nm. These v

otion of ions 

3.  Stabili

 

The sta

4 V/nm; for t

astically as s

ptide nanotu

e ion transpo

 

a
Figur

4. Diffusi

 

For all 

r the transpo

o the nanotu

anslocation o

ort was simu

he calculation

f the simulat

the z directi

values were c

in protein cr

ity of CPNT

ability of the

the case of 0

shown in Fi

ubes constrai

ort simulation

a.
re 5.1.  a) RMS

on of Na+ a

simulations

ort inside th

ubes after eq

occurs in dif

ulated for 1

n of mean s

tion. The int

ion and the 

chosen in ac

rystal chann

Ts under ele

e peptide nan

0.5 V/nm the

g.5.1.a. Afte

ined and onl

ns presented

SDs Curves for

and K+ with

s it was obse

he cyclic pep

quilibration a

fferent stages

0 ns in the 

quare deviat

tegration tim

applied field

ccordance wi

nels84. 

ectric field 

notubes und

e Root Mean

er this analy

ly water and

d here.  

     b. 
r CPNTs under

hin CPNTs

erved selecti

ptide nanotu

and applicat

s as suggeste

Canonical e

tion curves w

me step was 

d varied from

ith previous 

der electric f

n Square De

ysis, it was d

d ions were 

r Electric Field

ivity for cat

ubes. The po

tion of the e

ed by Hwan

ensemble (N

was carried 

1fs. The ele

m 0.1, 0.2, 

studies for 

field was ma

eviation (RM

decided to k

allowed to m

d, b) Ionized C

tions over th

ositive ions 

electric field

ng et al.81, de

NVT) at 300 

out for the l

ectric field w

0.3, 0.4, to 

electrophore

aintained up

MSD) increas

keep the cyc

move for all

  
PNTs 

he anions (C

start diffus

d in z directi

epending on 

62

K. 

last 

was 

0.5 

etic 

p to 

sed 

clic 

l of 

Cl-) 

ing 

on. 

the 



 

pos

sur

bar

hyd

dia

cha

in t

the

gro

inte

zon

rea

the

the

squ

MS

sition of the

rrounded by

rrier) is enco

dration shel

ameter ( 13 

annels of low

two zones: b

e positive ion

oups of the p

eraction wit

nes (Chapter

aches into bu

e process des

 

Figure 5.2.  S
 

For the 

e mean squar

uare displace

=z N
tSD )(

e ion in z dir

y water mol

ountered as t

ll. However

Å ), and th

wer diameter

between the 

n will exper

peptide back

th water ma

r IV). Finall

ulk water an

scribed abov

Stages of ion T

calculation 

re deviation 

ement of the

∑
=

−
N

i
i tz

N 1
)((1

rection: Firs

lecules. Her

the ion exper

, for this p

he energy p

r. Second, w

two rings o

rience attrac

kbone, betwe

y be strong

ly at the exi

nd complete 

ve. 

Transport within

of the diffus

curves (MSD

 ions along z

− iz 2))0(

st the ion is 

re, the first 

riences a des

articular ca

penalty is ex

when the ion

or in the plan

ction forces 

een the two 

er due to th

it, the ion ov

solvation ag

n Cyclic Peptid

sion coeffici

D) were use

z was calcul

in one of th

energy bar

solvation of 

se, the nano

xpected to b

is inside the

ne of the rin

from the ne

rings this fo

he larger pop

vercomes th

gain. See Fi

 
de Nanotubes i

ients,  the Ei

d for both (N

lated as follo

 

he bulk wat

rrier (known

some water

otube has r

be smaller c

e nanotube it

ng. In the pl

egatively cha

orce should 

pulation of 

he final ener

ig. 5.2. for a

in Backbone R

nstein’s rela

Na+, K+) ion

ows: 

ter cavities a

n as dielect

s present in 

relatively lar

compared w

t can be loca

ane of the ri

arged carbon

be weaker a

water in th

rgy barrier a

a schematics

Representation

ationship and

ns; the mean

 (5-1

63

and 

tric 

the 

rge 

with 

ated 

ing 

nyl 

and 

ese 

and 

s of 

d 

n-

1)  



 

wh

and

mo

agr

cha

is 

cal

tran

ele

nan

Fig
 
 

here N is the

d zi is the p

obility of Na

reement with

annels84. In F

shown for 

lculated diff

nslocation e

ectrostatic in

notubes.  

 

gure 5.3.  Com

Figure

 number of 

position of i

a+ is higher

h diffusiviti

Fig 5.3. and

E=0.5V/nm

fusion coef

events were

nteractions 

mparison of MS

e 5.4.   Compar

ions permea

on i along z

r than K+. T

ies previous

d Fig 5.4. the

; all other 

fficients are

e recorded,

between th

D Curves for D

rison of Radial 

ating the cha

z. Initial ins

The calculat

ly calculate

e comparison

applied fiel

shown in 

 this behav

he anion an

     
     
 
 
  
 
 
 
 
 
 
 

Different Ionic

Distribution F

annel, t is tim

spection of 

ted diffusion

d in equiva

n between tr

lds revealed

Table 5.1.

avior is exp

nd the inne

 
         Table 5.
         coefficie

c Species at E0.

Functions for N

Io
K+
Na

me of a trans

the results 

n coefficien

alent sized p

ransport of N

d the same 

.  For the 

plained due

er surface o

.1. Comparison
ents of  Na+ an

5v/nm 

 
Na+ and K + at 

on  Dion ( 10
+ 0.0699 

a+ 0.0895 

slocation ev

shows that

nts are in go

protein cryst

Na+ versus K

trend, and 

Cl- ions, 

e to repuls

of the pept

n of Diffusion 
nd K+ 

E0.5v/nm 

0-9 m2/s) 

64

vent 

the 

ood 

tals 

K+ 

the 

no 

ive 

tide 

                



 

bec

ass

sol

thr

mo

wa

nan

and

dis

the

val

in 

aro

sam

Unders

cause it can 

sociated with

lution and fa

 

Figure 

 

The firs

ough the ra

olecules. The

ater molecule

notube, the 

d the secon

stribution fun

e first hydrat

lue correspon

Fig. 5.5 tha

ound cations

me line with

tanding hyd

be an impor

h the increas

acilitate the i

5.5 Water-Ion 

st hydration 

adial distribu

e radial dist

es around a 

first peak in

d is at 4.75

nction is at 2

tion layer o

nd to the r o

at the oxyge

, the waters 

h the cation c

dration inter

rtant factor f

se of enthalp

on transport

Interactions in

shell of the 

ution functio

tribution fun

distance r f

n the radial 

5 Å. In the 

2.82 Å, and 

f thickness

f the first mi

en of the wa

are oriented

charge. In th

ractions of

for the transl

py required 

t within the n

nside the Cycli
shown for 

ions within 

on between 

nction (gO-ion

from the ion

O-Na+ distr

case of K 

the second p

of ~ 0.32 n

inimum in th

aters is poin

d in such a w

he obtained r

ions under 

location rate

to break th

nano-channe

ic Peptide Nano
r Na+ 

the peptide 

the ion and

n(r)) represen

n in the chan

tribution fun

+ the first 

peak is locat

nm for Na+ 

he gO-ion(r) fu

nting toward

way that their

result, a chan

confinemen

e of ions. Hy

e ion-water 

el.  

otubes. First H

nanotubes c

d the oxygen

nts the relat

nnel. In the 

nction is loc

peak in th

ted at 4.60 Å

and of ~0.3

function. It c

d the ion. T

r dipole mom

nge in the m

nt is import

ydration can

interactions

 
Hydration Shell

can be analyz

n of the wa

tive number

cyclic pept

ated at 2.27

he radial O-K

Å. Water for

35 for K+; t

an be observ

This is becau

ments lie in 

maximum va

65

tant 

n be 

s in 

l is 

zed 

ater 

r of 

tide 

7 Å  

K+ 

rms 

this 

ved 

use 

the 

alue 



 

of 

ind

ele

Fig

the ion-wat

dicates a sma

ectric field.  

gure 5.6. Radia

ter radial dis

all effect in 

al Distribution 

stribution fu

the ion-wat

Function Com

unction was

ter interactio

 

mparison, water
(down) 

observed, s

on due to va

r-Na+ Interacti

see Fig.5.6. 

ariations in i

 
ion (top) & OH

This behav

intensity of 

H2-K+ Interact

66

vior 

the 

tion 



 

inte

und

i
wN

wh

ele

7.1

val

Als

Th

Tab

cha

Additio

egrating the

der the first p

= 4)(ion
water r πρ

here ρ is the n

The co

ectric fields. 

 for K+. Th

lues of elect

so, the calcu

ese values a

ble 5-2. sho

annels and b

 

Figure

 

 

Table 5.2

 

onally, the c

e radial distr

peak. The co

∫ −

min

0

)(
r

ionO rgρ

number dens

oordination 

In the case 

he coordinat

tric field, an

ulated value

are in good 

ows a comp

ulk water an

e 5.7. Axial sna

2. Coordinatio

Sy
B
C
C
K

oordination 

ribution fun

oordination n

2) drr
 

sity of water

number did

of zero fiel

tion number 

nd in both ca

es are very 

agreement 

arison of co

nd Fig. 5.7 sh

apshot of Na+ w
Radius

n Numbers of 

ystem 
Bulk water 
CPNTs 
CNTs 
KcsA 

numbers (h

nction up to 

number for t

r and gion-O is

d not chang

d, the coord

or hydratio

ases little ef

close to the

with previo

oordination 

hows an axia

within CPNT a
s (~ 6 Å from th

Na+ and K+ in

Na+ K+ 
5.9 6.9 
5.8 7.1 
4.9 8.0 
6.0 6.7 

hydration num

the fist min

this case can

 

s the radial d

ge significan

dination num

on number is

ffect was ob

e coordinati

ous electroly

number for 

al view of th

 
and Waters up 
he ion) 

n Different Nan

Ref. 
(2003)185

This work
(2008)186

(2003)87 

mbers) were

nimum, whi

n be calculat

distribution f

ntly for dif

mber was 5.8

s plotted in 

bserved for d

on number 

yte studies i

r Na+ and K

he hydrated i

to the Second 

nopores 

k 

e calculated 

ich is the a

ted from: 

 (5-2

function.
 

fferent appl

8 for Na+; a

Fig.5.8. for 

different fiel

in bulk wat

in nanopores

K+ in differ

ion.  

Hydration She

67

by 

area 

2) 

lied 

and 

all 

lds. 

ter. 

s87.  

rent 

ell 



 

Figgure 5.8.   Hyddration Numberr for Na+ and KK+ in CPNT u

 
under the Influe

 
ence of Differe

             

ent Electric Fie

68

elds 



 69

 For the calculation of the diffusion coefficients, first the z coordinates are 

recorded for all ions during the simulation. The analysis is carried out with the z 

coordinates values inside the nanotubes through translocation times.  The MSDs are 

averaged over the total number of permeation events. Results are shown in Fig. 5.3. The 

calculated diffusion coefficients are given in Table 5-3 below. 

 
Table 5.3. Diffusion Coefficients at Different Electric Fields for Na+ and K+ Transport at 300K 

Efield (V/nm) DNa+ ( 10-9 m2/s) DK+ (10-9 m2/s) 
0.1 0.0001  ND 
0.2 0.0007  0.0009 
0.3 0.0183 0.0016 
0.4 0.0526 0.0205 
0.5 0.0895 0.0699 

 

 

5.5.       Current – Voltage (I-V) Relation 

  

 Current-voltage curves can be obtained from the MD simulations. The ionic 

current is calculated as described in the equation below, the charge (qi) and position (zi) 

coordinates are recorded from the MD trajectory:  

 

1

1( ) [ ( ) ( )]
N

i i i
iz

I t q z t t z t
tL =

= + Δ −
Δ ∑         (5-3) 

 

To compute an average current, we first integrate the instantaneous current I(t) to 

produce a cumulative current curve as in the method proposed by Schulten et. al.187. 

The current voltage relation for Na+ ion, Fig.5.9, shows that for higher electric 

fields the current value increases exponentially and more ions go through the peptide 

nanotubes with time. Values are reported in Table 5.4.  
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fields for design and manipulation.  Selectivity for cations was observed for all 

simulations. The chlorine ions did not go through the peptide nanotubes. Then, counter-

ion interactions are eliminated in these systems and the channel can transport higher 

number of positive ions. This may be explained as a consequence of a strong repulsion 

force experienced by the anion due to the oxygen present in the backbone of the rings 

forming the nanotube.  

One of the limitations of using molecular dynamics for ion channels studies is 

that long simulations are required (at least 10 ns) to observe ion transport through the 

nanochannel. No experimental data has been reported for these peptide nanotubes; 

however the calculated diffusion constants are in the same order of magnitude compared 

with previous reported values for similar diameter of protein crystals84. 

With the aim of studying the ion-channel interaction under the effect of different 

electric fields, the radial distribution functions between the oxygens of water and ion 

within the CPNTs and coordination numbers were analyzed. The first and second peaks 

in the radial of the ions-water distribution functions were reduced when external electric 

fields applied. However, the position of the peaks was unaltered, and no effect was 

observed on the coordination number. This can be explained as a result of the larger 

diameter of the 12-peptide nanotube studied here. As indicated in Chapter III, this 

diameter of the peptide nanotube approaches bulk behavior, and there is enough free 

space available to achieve larger densities of water inside the nanotube compared with 

the octa and deca-peptide nanotubes. In smaller channels the effect in coordination 

number can be expected to be more noticeable due to confinement effects. 

  The 12-peptide/ring nanotube studied here has proved to work as an artificial 

ion channel and will have larger available space for the transport of molecules and 

biosensing applications while still keeping important inner-surface electrostatic forces, 

important for selectivity. These results provide insights about ionic transport in CPNTs 

and are expected to contribute to future manipulation of transport rates for biotechnology 

applications of these artificial ion channels. 
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CHAPTER VI 

MOLECULAR ORGANIZATION OF PHENYLALANINE (F) DIPEPTIDES 

NANOSTRUCTURES 

 

 

6.1.  Importance of Phenylalanine Peptide Nanostructures 

 
The phenylalanine dipeptide is the core recognition motif of the Alzheimer’s β-

amyloid, it can also self-assemble into stable peptide nanostructures with different 

morphologies36.  Because of this , it has become one of the most important and recently 

studied peptide building blocks. 

 In 2003, while investigating the tendency of short aromatic peptides to form 

amyloid fibrils, Gazit et.al discovered that stable and stiff peptide nanotubes were 

formed from phenylalanine dipeptides21  (NH2-Phe-Phe-COOH).  This research group 

also suggested that aromatic interactions play an important role in the self-assembly 

process and  can favor stable molecular organization of peptides into amyloid fibrils188. 

The phenylalanine dipeptide (FF) nanotube was first synthetized by dissolving the 

diphenylalanine peptide monomer in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at high 

concentrations (≥100mg/mL) and then diluting this into an aqueous solution at a final 

μM concentration range; fast assembly was observed21.   

An alternative method avoiding the use of the fluorinated alcohol was proposed by 

Song and co-workers in 2004; first a lyophilized dipeptide (HN2-D-Phe-D-Phe-COOH) 

was dissolved in 5 mL water at 65 °C; the solution was equilibrated for 30 min and then 

gradually cooled down to room temperature. They also demonstrated that the 

concentration of the building peptides plays a key role in the final nanostructure 

morphology, when for diluted solutions, vesicles were observed in addition to the 

nanotubes189, see Fig. 6.1.   

 



 

F

 

are

200

aqu

nan

pro

for

nan

up 

nan

nan

nec

the

the

als

dip

to a

on 

pos

trea

Figure 6.1.  SE

 

Investigatio

e important i

06, Adler-Ab

ueous solutio

notubes wer

opanol, aceto

r  temperatur

notubes were

to 200°C

nowires191. A

nowires as n

In order to

cessary to be

e first attemp

e FF peptide

o were able

peptide mono

an external m

the structur

ssible to ali

atments193. R

M Images (left

ons for the 

in the devel

bramovich a

on and unde

re chemicall

one and acet

res above 15

e degraded t

C was rep

Also, the fab

novel materia

o enable the

e able to con

pt in 2006. T

e monomers 

 to align ho

omers in the

magnetic fie

re generated

ign the FF 

Recently a 

ft) Peptide Nan

molecular s

lopment of f

and co-work

er dry condi

ly stable in 

tonitrile34. T

50°C the tub

to the origin

ported for 

brication and

als for energ

e technolog

ntrol their m

They achieve

dissolved in

orizontally th

e presence of

eld192. Later, 

d by the dia

nanotubes b

vapor depo

otubes and (rig

tructure, che

future applic

kers studied 

itions; by SE

organic so

Thermally th

bular and se

al dipeptide 

diphenylala

d application

gy storage wa

gical applica

molecular org

ed vertical a

n the organi

he FF nanotu

f a ferrofluid

it was repor

amagnetic a

by applying

sition metho

ght) Mixture of

emical, phy

cations of th

their chemic

EM analysis

olvents such

he nanotubes

econdary stru

building blo

anine/polyal

n of dipheny

as demonstra

ations of FF

ganization.  

alignment of 

ic solvent o

ubes by asse

d and then e

rted that tha

anisotropy o

g a magneti

od42 was de

f Nanotubes an

ysical and th

hese peptide

cal and therm

s they showe

h as ethanol

s were stable

ucture was a

ocks190.  Rec

anine core

ylalanine/Co

ated39. 

F peptide n

Reches and 

f FF nanotub

onto siliconiz

embling the

exposing form

anks to the m

of the aroma

c field with

eveloped to 

 
nd Nanovesicle

hermal stabil

e nanotubes.

mal stability

ed how the 

, methanol, 

e up to 100°

altered and 

cently, stabil

/shell pept

o3O4 compos

anotubes, it

Gazit repor

bes by applyi

zed glass; th

e phenylalan

med nanotub

magnetic torq

atic rings, it

hout additio

generate se

75

es 

lity 

 In 

y in 

FF 

2-

°C; 

the 

lity 

tide 

site 

t is 

rted 

ing 

hey 

nine 

bes 

que 

t is 

nal 

elf-



 76

assembled arrays of aligned peptide nanotubes, which showed how peptide nanotubes 

can easily be produced at larger scales as well as their potential to be used to develop 

highly hydrophobic self-cleaning coatings, new electrodes for energy storage 

applications, and microfluidic chips42. 

 

6.1.1. Molecular Organization of FF Nanotubes 

The molecular organization of FF nanotubes is not completely understood yet.  This 

problem is particularly important because the molecular forces stabilizing these 

nanotubes and directing the self-assembly may be related to the forces present in 

amyloids.  Transmission Electron Microscopy (TEM) studies indicated that the 

structures of FF nanotubes were well-ordered elongated nanotubes with no branching 

and low content of amorphous aggregates (<1%), which is in contrast to other peptide 

aggregates in which a mixture of ordered and aggregated structures are frequently 

observed. Görbitz determined X-ray powder diffraction patterns for FF nanotubes and 

proposed a tentative model for their molecular structure. In his model, the  aromatic 

groups generate a three-dimensional aromatic stacking arrangement  serving as a glue 

between the hydrogen-bonded cylinders of peptide main chains47. It was also suggested 

that exceptional strength could result from the laminated construction of the peptide 

nanotube. However, the exact configuration of the inner dipeptide arrangement into 

nanotube crystals suggested in the model proposed by Gorbitz has not been well 

elucidated yet47.  In this model, six diphenylalanines form each tube in the crystal with 

the aromatic groups pointing outward and the peptide termini  pointing toward the center 

of the tube . The crystalline information suggests that it could be possible to use only 

two diphenylalanines as the tube’s thickness to create the peptide nanotube194.   

In this research work, different configurations and orientations of the phenylalanine 

dipeptide, leading to stable tubular structures, were investigated. A geometrical search 

combined with fist principle molecular simulations were used to optimize parameters 

that have resulted in a stable structure. The thermal stability was also explored by NVT 

and NPT molecular dynamics simulations. 
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6.2. Computational Details                                                                                                                            

All simulations were performed using NAMD2.6 and the CHARMM force field. 

Time step of integration was 1fs. The SHAKE/RATTLE algorithm was imposed for 

fixing the O-H bonds during evaluating the equations of motions. For the evaluation of 

electrostatic interactions Particle Mesh Ewald (PME) algorithm was used. 

 

6.3. Two-dimensional Structures from Phenylalanine  

 

6.3.1. Sheet Configurations of Phenylalanine Dipeptide 

The basic peptide subunit was built from two dipeptide monomeric blocks and the 

dipeptides were arranged in accordance with an optimized model reported previously194.  

Two dimensional planar sheets where built by defining the position of the center of mass 

of each subunit along a sheet characterized by the parameters (n, m, a, b, and β ) ; where 

a is the unit cell lattice value in x direction, b is the unit cell lattice value in y direction, n 

and m are the number of repetitive units in x  and y direction respectively and β  is the 

angle between the unit vectors along the unit cell  lattice directions. After assigning 

different a,b values and performing an initial molecular minimization, the optimized unit 

cell lattice values were calculated,  the values found are a=6.8 Å and b=10.1 Å, which 

are in close agreement with a previous study194.  The angle β  was kept equal to 90 

degrees. In Fig. 6.2. below is shown the planar structure for the optimized lattice; the 

different parameters assigned and final energies are shown in Table.6.1.  

 
Table  6.1. Sheet Configuration Parameters for di-Phenylalanine 

Parameter System A System B System C  (optimized) 
a (Å) 7.0 7.0 6.8 

b (Å) 10.1 9.8 10.1 
Energy/unit cell  (Kcal/mol) -99.94 -138.65 -148.77 

 

 

After minimization, only the optimized system rearranged in a uniform lattice, in 

the A and B systems, described in Table 6.1. the unit cells did not show a compact 
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CHAPTER VII 

CONCLUSIONS 

 

7.1. Summary  

 

  Peptide Nanostructures are mechanically stable materials with various 

possibilities to be studied and a promising number of applications in biomedicine and 

bio-nanotechnology. Hence, the study of their properties by theoretical and experimental 

methods will contribute to the rational design of these novel materials. This work has 

been focused on peptide nanotubes as models for peptide nanostructures.  

  First, an efficient optimization strategy has been established, we successfully 

obtained an initial model of D,L cyclic peptide nanotubes, which is consistent with the 

experimental  result. The CHARMM force field was validated and demonstrated to 

predict peptide materials and structure accurately. 

  The mechanical properties for cyclic peptide nanotubes were calculated by 

combining non-linear elasticity theories, a homogeneous deformation method and 

molecular dynamics for a complete consideration of the system’s anisotropic nature. The 

result for the Young’s modulus is in agreement with previous reported results for similar 

peptide nanotubes and protein crystalline systems. Yield behavior was observed for high 

strain values and could be explained as a consequence of breaking the hydrogen bonds 

when applying values of tensile strains above 6%. The anisotropy of the cyclic peptide 

nanotubes was confirmed through the obtained values for elastic constants. The C33 

value is remarkable higher compared with the C11 and C22 values; this is in agreement 

with the fact that the tube is stabilized through hydrogen bond interactions longitudinally 

and that hydrophobic interactions between the tubes are weaker.  

  Additionally, the results from transport of water under confined conditions for 

carbon nanotubes (CNTs) and cyclic peptide nanotubes (CPNTs) as channel models 

indicated that water transport is indeed influenced by confinement. The transport of 

water was favored in CPNTs compared with equivalent sizes of CNTs due the 
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hydrophilic character of the hollow tubular zones of the peptide nanotube. Different 

diameters were studied for both systems and the density distribution function and dipole 

time correlations functions showed how the water molecules reduce the possibilities for 

hydrogen bond structure in confined spaces. For the smaller diameter, single file 

diffusion of water was observed while for larger diameters, bulk transport behavior was 

approached. This tendency was observed for both channels.  

  In order to explore the potential application of cyclic peptide nanotubes as 

artificial ion channels for transmembrane transport and other nano-transporter 

applications, the transport of Na+ and K+ ions under the influence of electric field was 

studied. The transport of ions across nanochannels is a complex problem with a high 

number of degrees of freedom. The channel-ion, Ion-water, channel-water interactions 

play important roles in the transport mechanisms. Also, the transmembrane potential, 

which can be represented in terms of an external electric field along the channel, can 

influence these interactions and polarize water and channel to induce gating and alter the 

transport properties. However, these effects were not accounted for in this work, because 

it is necessary to have a potential functions that precisely includes many-body 

polarization effects. These force field limitations should be addressed in future research. 

Here, we have studied the influence of electric field in the ion-water interactions and in 

the diffusion rates for two different systems. We observed selective transport for cations 

through the peptide nanotubes, the Cl- ions stayed in the bulk water cavities and did not 

diffuse into the nanotubes, and this selectivity was explained as a consequence of 

electrostatic repulsions due to the negative carbonyl oxygen present in the inner surface 

of the peptide nanotube. This kind of selectivity has been previously observed in 

channels like Gramicidin.  

   The diffusion rates calculated through mean square deviations indicated that the 

electric field accelerates the transport of ions but do not have any significant effect in the 

hydration number for Na+ and K+. However, a small effect was observed in the 

maximum value of the radial distribution functions. Also, when exploring the 
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temperature effect on the diffusion rates, it was observed that an increase in temperature 

also increases the rate at which ions move along the tube, as expected.  

  Finally, stable molecular models for nanotubes, with different diameter, from 

non-bonded phenylalanine dipeptide chains were successfully optimized; these 

nanotubes are stabilized through π-π aromatic interactions and hydrogen bonding that 

lead to helical organization of the dipeptide subunits.  Thermal stability results agree 

with previous experimental reports; the nanotubes are stable up to around 400K and for 

higher temperatures the hydrogen bonding decreases drastically and the dipeptides lose 

their organization pattern.  
 

7.2   Recommendations  

 

Experimental and theoretical studies have significantly increased the knowledge 

in the area of peptide nano-materials in the last two decades. However, many properties 

and characteristics are still not fully understood. Opportunities  for theoretical studies on 

peptide nanoscale properties such as stability in different solvents, transport dynamics, 

deformation properties, energy landscapes and  inter and intra-molecular forces 

important for stability, are still open. Based on the research presented in this dissertation, 

future research could focus on:  

 

1. Molecular transport with Cyclic Peptide Nanotubes:  An interesting problem is 

the molecular transport of relevant molecules, like glucose, across the cyclic 

peptide nanotubes. Previous experimental studies have proved that these 

nanotubes will transport glucose195; furthermore, recently experimental and 

theoretical studies investigated the transport for the anti-tumor drug 5-

Fluorouracil196 within cyclic peptide nanotubes. An initial model was prepared 

and preliminary equilibration simulations were performed. See Fig.7.1 below 
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APPENDIX A 

EDUCATIONAL SECTION: INTRODUCING MOLECULAR 

SIMULATION TO UNDERGRADUATES IN CHEMICAL ENGINEERING 

VIA INTERLINKED CURRICULUM COMPONENTS (ICCs) 

   

 

A.1. Overview  

   

As a part of a departmental curriculum reform project supported by the National 

Science Foundation, the Chemical Engineering Department at Texas A&M University is 

in the process of constructing web based interlinked curriculum components (ICCs) to 

strengthen unity and coherence of the curriculum and to introduce new content, reinforce 

the conceptual framework, and demonstrate the framework’s application to emerging 

technological areas. These varied uses of ICCs can support broader reform efforts to 

make instruction more interactive and learner-centered.  

Conventionally process analysis and design have played a substantial role in 

chemical engineering education and practice. Nowadays, due to emergence of new 

fields; such as nanotechnology, biotechnology and their applications, understanding the 

molecular level driving forces behind chemical, biological and materials processing have 

become important for chemical engineers of today and future; starting from fundamental 

theories of materials and chemicals in small scales has motivated to include molecular 

level theories and methods of modeling in education of chemical engineers. This chapter 

will describe efforts and progress in construction of a web-based molecular modeling 

and simulation module as an interlinked curriculum component (ICC) for chemical 

engineering. The updated version of the module can be found at alcheme.tamu.edu 

(ICC4).  

While introducing the students to basic ingredients of molecular modeling and 

simulation, the Molecular Modeling and Simulation ICC, also addresses the connection 

to fundamental laws of conservation (energy, momentum and mass balances) and draws 
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attention to molecular level foundations of statistical thermodynamics, transport (mass, 

heat and flow) and chemical kinetics.  Therefore it may be used in several chemical 

engineering courses from sophomore level to senior. Topics covered are relevant in 

traditional areas of chemical engineering as well as emerging fields such as the design of 

nanomaterials, sensors, drug delivery systems, membranes, novel catalysts, surface and 

interfaces, phase equilibria in nano-systems and flow in nano-scale confinement, among 

other problems.  Through simple examples linked in the web based interactive materials, 

the expected outcome of this ICC is to provide a learning tool for chemical engineering 

students to gain basic knowledge of molecular level modeling and simulation methods.   

Introduction of molecular simulation to the chemical engineering curriculum has 

been a recent topic of discussion in the academia1. In the past two decades several 

chemical engineering departments have introduced courses at the graduate level2, 

including this department.  In the light of Curriculum Reform project, it was undertaken 

a project aiming at development of Molecular Modeling and Simulation as one of the 

Interlinked Curriculum Components (ICCs).  

During the last decades, the classical chemical engineering curricula has been 

focused on the design and study of the processes related to the basic conservation laws 

from micro/macro scales point of view. Recently, emerging chemical engineering areas 

recognize the need in the understanding at the molecular level of the phenomena and 

materials. Thus it has become important to include an introduction to physical-chemical 

related fundamental concepts at this level. By using an interactive web module, these 

concepts can be introduced in a practical point of view, directing the information to 

applications in chemical engineering fields.  

Different institutions have been working on the integration of Molecular 

Simulation to the chemical engineering curriculum. In 1998 the CACHE Corporation 

founded a grant were seven co-PIs from different universities, experts in molecular 

simulation, started the design and implementation of web based modules for introducing 

molecular simulation to undergraduates in chemical engineering curriculum. They 

created a browser based module development environment for different modules 
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A.2.  Interlinked Curriculum Web Module in Molecular Simulation 

   

Below are described the skills expected after completion of the module, from 

students without previous knowledge on the topics.  

Section a: Models and Interactions 

• Couple Molecular Simulation to applications in chemical engineering. 

• Recognize the mathematical models used to represent different molecular interactions. 

• Understand the fundaments of conservation laws from a molecular point of view. 

• Identify the types of interactions important in atoms and molecules. 

• Acquire a molecular perspective on the engineering macroscopic phenomena with the 

purpose of improving the understanding of thermodynamics, transport and materials 

concepts. 

• Introduce molecular simulation and provide the chemical engineering student with a 

better understanding of the molecular world through models. 

 

Section b: Molecular Simulation Methods 

• Differentiate the basic algorithms of molecular mechanics, Monte Carlo and 

Molecular Dynamics Simulations.  

• Acquire criteria to select the appropriate molecular simulation method for the solution 

of a given problem.  

• Evaluate different algorithms in terms of their applicability/limitations for specific 

problems. 

• Understand  the applications of molecular simulations through chemical engineering 

related examples.  

 

Section c: Property Prediction  

• Apply thermodynamic and statistic concepts for the calculation of properties from 

molecular simulations results. 

• Be able to select the appropriate methodology for the calculation of specific properties. 
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These examples provide the user with an opportunity to apply the information 

learned through the module as they are studying the web based interactive course notes. 

 

 A.3 Classroom Assessment with undergraduate students at TAMU 

 

The web-based molecular simulation module was presented to three 

undergraduate courses given at Texas A&M Univeristy; Chem. Engr. Materials (CHEN-

313), Chem. Engr. Kinetics (CHEN-464) and Chem. Engr. Thermo II (CHEN-354). The 

students enjoyed the module and demonstrated interest in the topic. After exploring the 

molecular simulation module the students answered a questionnaire designed to assess 

the activity. The questions made and results obtained from the assessment are 

summarized below. 

 
 
 
 
 
TableA-1. Assessments Questions 
Question # This module 
1 … explained how molecular simulation can be used in Chemical Engr. 
2 … was a good motivation to the topic 
3 … was a good introduction to the topic 
4 … would be a good study tool 
5 … would be a good supplement for a text 
6 … was user friendly 
7 … was logical in the way it presented the content – made sense - 
8 … motivated me to learn more about molecular simulation in Chem. Engr. 
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Fig.A-3. Usability Study results for CHEN-313, CHEN-354 and CHEN-464 courses. 

  

A.4 Summary 

A proto-type Molecular Simulation web-based module was designed as a part of 

a bigger Interlinked Curriculum Components (ICCs) project aimed at the renewal of the 

chemical engineering curriculum. This module will contribute to the education of the 

chemical engineering student with a focus of the basic phenomena on a molecular scale 

to achieve a better understanding of the interactions involved at that level. The students 

who participated in the assessment activities showed interest and curiosity to continue 

learning about the topic. The visual, audio, flash and java based material successfully 

motivated the students and keep their attention an interest open.   

Incorporating this educational material by using the web–based modules provides 

the opportunity to introduce new concepts in the context of the traditional courses in 

chemical engineering.  
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