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Cell membranes are known to contain many types of lipids which can form 

domains resulting in lateral structural heterogeneity. The lipid domains which are tightly 

packed and more ordered than their surroundings are called rafts. Understanding the 

aggregation of lipids into rafts is crucial in biological applications. In this study we have 

used coarse grained molecular dynamic simulations to explore two mechanisms of raft 

formations, namely ion crossbridging and cholesterol induced raft formation. For 

exploring the former, we considered an anionic surfactant, a neutral surfactant and 

artificial lipids with varying number of charges. We observed that the tendency towards 

the aggregate formation is determined by the number of charged beads in lipid head 

groups. Specifically, artificial lipids with three negatively charged beads in the head 

groups aggregate due to calcium ion cross bridging. On the other hand, the surfactants 

and lipids which have only one charged head group bead did not show aggregation. 

The other mechanism was explored using ternary mixture of cholesterol, saturated and 

unsaturated lipids which is known to form liquid ordered(Lo) and liquid disordered(Ld) 

phases. We also investigated effects of the membrane composition and structure on 
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transport across the membranes. To this end, free energy profiles of the transport of 

model hydrophobic fullerene nanoparticle across the Lo and Ld phases were reported. 

Our results show that fullerene encounters a large energy barrier while entering the Lo 

phase due to tight packing of lipids and cholesterol. No significant energy barrier was 

observed for transport into the Ld phase.  
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

 Biological cell membranes are lipid bilayers embedded with proteins. They serve 

several functions, including protecting the cell interior from its environment and 

controlling transport of molecules in and out of the cell. These membranes are known to 

contain many types of lipids which can form domains resulting in lateral structural 

heterogeneity. The lipid domains which are tightly packed and more ordered than their 

surroundings are called rafts. The mechanism of the raft formation is still not completely 

understood. Earlier studies have proposed several mechanisms including electrostatic 

coupling (1), interfacial energy minimizations (2), lipid and cholesterol interactions (3) 

and composition curvature coupling (4) for explaining the heterogeneity. The main focus 

of this thesis is to apply molecular dynamic (MD) simulations to investigate two of the 

mechanisms of the raft formations in a lipid bilayer namely by ion crosslinking and by 

cholesterol. 

The first part of the thesis studies the interaction of surfactants in membrane.  

Surfactants are amphiphilic molecules containing hydrophilic head groups and 

hydrophobic tail groups. Interactions between the surfactants and the lipid bilayers have 

been extensively studied due to their importance in drug delivery and food industry. 

Previous studies have shown that contact of surfactants with a lipid membrane may 

result in increase of the membrane permeability (5)(6). This increase in permeability is 

often transient (7), i.e. the permeability of lipid bilayer eventually decreases healing the 

bilayer. A possible mechanism for the healing may be due to aggregation of surfactants 
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in the membrane (8). Therefore we have explored the likeliness of aggregation 

surfactants in a membrane using MD simulations.  

In the first set of simulation studies, we have explored the raft formations in lipid 

membranes due to the crossbridging by ions. This study was conducted to understand 

the influence of ions in stabilizing the rafts. 

The presence of cholesterol at biologically relevant concentrations (10-30%) in a 

lipid membrane consisting of saturated and unsaturated lipids results in the raft 

formation. In the next set of simulations we have explored the lipid segregation which 

occurred due to the presence of cholesterol in a ternary lipid membrane. 

In addition we have explored the transport of nanoparticle across the different 

phases formed in ternary mixture of saturated, unsaturated lipids and cholesterol. The 

nanoparticles are ultrafine particles that have size in the order of one billionth of a 

meter. These particles exhibit different size-dependent physical and chemical properties 

from those of their bulk counterparts. Research on nanoparticles has revolutionized 

various areas of science and technology. They have various applications in such fields 

as medicine, electronics, food packaging, paints, materials, cosmetics and fabrics. 

Currently more than a thousand commercial products containing nanoparticles are 

available on the market and more products are being added almost every week 

according to Woodrow Wilson Centre’s Project on Emerging Nanotechnologies (9). Due 

to this rapid increase in number of products containing nanoparticles, it is evident that 

humans and the environment are coming into contact with the manufactured 

nanoparticles (MNs) either by accident or by intention. It is therefore important to 
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analyze the possibility of any unintended consequences of these particles on humans 

and their environment.  

1.2 Thesis Outline  

The thesis is organized as follows: 

In Chapter 2, the methods of molecular dynamic (MD) simulations are presented. 

The coarse gained molecular models which are used for extending the time and length 

scales accessible to the simulation are discussed. Constrained simulations employed in 

analysis of the fullerene transport are also described.    

In Chapter 3, analysis of stability of pre-assembled surfactant aggregates is 

presented. Then the simulations which aimed at understanding the aggregations of the 

lipids due to crossbridging by calcium ions are presented. Next we report our 

simulations of domain formation in a mixture containing cholesterol and saturated and 

unsaturated lipids.       

In Chapter 4, the model and simulation details of transport of the fullerene 

nanoparticle across lipid membrane domains is presented and analyzed. 
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CHAPTER 2 
METHODS 

 2.1 Molecular Dynamics Simulations 

Molecular dynamic (MD) simulations have become one of the principal tools for 

providing detailed information on nanoscale systems. This information in general cannot 

be easily obtained through macroscopic experiments due to the small time and length 

scales of the processes. They also act as a complementary tool for verifying 

experimental results or to test theoretical predictions.  

MD simulations use Newton’s equations of motion to analyze dynamic behavior 

of microscopic systems. The forces (Fi) acting on the particle i of mass mi  will move it to 

new positions by solving  

Fi = im
2

2

t

ri




                                                      (2.1) 

Where Fi  is the negative partial derivative of the potential function V(r1, r2 …..rN), 

with respect to the particle  position(ri).  

Fi   = 
ir

rV






)(
                                                   (2.2) 

In our MD simulations we have used Verlet leap frog algorithm (10) for obtaining 

the evolution of coordinates and velocities of the particles. The leap frog algorithm uses 

the particle positions ri at time t and velocities vi at time t - Δt to compute the positions 

and velocities at next timestep 
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For MD simulations, we need the initial positions and velocities of all the particles 

present in the system. The velocities of particles are generated from the Maxwell 

velocity distribution. 
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Here fv is probability density of velocity, k is Boltzmann constant, T is temperature and 

vx,vy,vz are the velocity components .  

The particles that are to be simulated are usually contained in a rectangular box. 

Edge effects in a finite system are reduced by periodic boundary conditions (PBC). The 

PBC ensure that a molecule leaving from one side of the box re-enters the box on the 

opposite side. 

Any simulation study typically consists of three steps. The first step is energy 

minimization. Two MD simulation runs are then carried out. The first MD simulation run 

known as equilibration run, uses strong temperature and/or pressure coupling for 

relaxing the system and to stabilize desired ensemble (NVT, NPT, etc.) properties. A 

production MD simulation is then carried out using weak temperature and/or pressure 

coupling. The data collected from the production MD simulation is used in the analysis. 

2.1.1 Energy Minimization  

If the initial positions of the particles contain overlapping atoms, MD simulations 

will fail due to very large forces. These forces need to be minimized before we perform 

MD simulations. In the current work we have used the steepest descent method for 

minimizing energy of our initial systems. The steepest descent is a quick and simple 

method to reduce the energy of the system. However its convergence near the local 

minimum can be very slow. 
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The steepest descent algorithm takes a step in the direction of the force. These 

steps move the system downhill along the potential energy landscape.  

  n

n

n

nn h
F

F
rr

max
1                                                    (2.6) 

Here vector r represents a vector of all 3N coordinates. Fn is the force and hn is 

maximum displacement. If the (n+1)th step decreases the potential energy(i.e., Vn+1 < 

Vn), the new positions are accepted and the displacement magnitude is increased, hn+1 

= 1.2hn. Otherwise the new positions are rejected and the displacement magnitude is 

decreased, hn = 0.2hn. 

2.1.2 Temperature Coupling 

All our simulations are performed in the NPT ensemble. To simulate constant 

temperatures in the simulations we have employed Berendsen temperature coupling 

scheme (11) in the equilibration MD run and Nose-Hoover temperature coupling 

scheme (12,13) in the production MD run. 

2.1.2.1 Berendsen temperature coupling 

The Berendsen algorithm is a strong coupling to a heat bath at a constant 

temperature T0. The temperature deviations from the value of T0 are corrected using  



TT

dt

dT 
 0                                                     (2.7) 

The relaxation time  is   

kN

C

F

TV
2

                                                       (2.8) 

Here Cv represents heat capacity of the system, NF is number of degrees of 

freedom and T is temperature coupling time constant that we specify.  
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For maintaining the constant temperature, heat flow in or out of the system is 

controlled by scaling the velocities of each particle with a time-dependent factor λ after 

sufficient number of time steps nTC. λ is given as   

2
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0 1
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This algorithm however fails to generate good canonical ensemble as it 

suppresses the fluctuations of kinetic energy. It generates errors which scale with 

1/number of particles in the systems.  However, this algorithm is extremely efficient for 

relaxing the system to a target temperature. Hence this algorithm is used for the 

equilibration stage of our simulations. 

2.1.2.2 Nose-Hoover temperature coupling 

This coupling scheme was first proposed by Nose and later modified by Hoover. 

The Hamiltonian of the system is extended by using an additional degree of freedom for 

representing the thermal bath. The algorithm uses the following equations of motion for 

the particles: 

dt

dr

Q

p

m

F

dt

rd i

i

ii 


2

2

                                               (2.10) 

The equation of motion for the heat bath degree of freedom   is 

 0TT
dt

dp



                                                  (2.11) 

Here p is the momentum corresponding to , Q is known as the mass parameter of the 

thermal bath given by: 
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2

2

4


O

T
Q

T
                                                     (2.12) 

Here T  is chosen to be 4-5 times larger than relaxation time . 

2.1.3 Pressure Coupling 

In our simulations we have controlled the pressure using Berendsen pressure 

coupling (11) for equilibration MD simulations and by Parinello-Rahman pressure 

coupling (14,15) in the production MD simulations. In our membrane simulations, we 

have used semi-isotropic pressure coupling to maintain zero surface tension of the 

membrane. 

2.1.3.1 Berendsen pressure coupling 

Similarly to Berendsen temperature coupling, deviations of pressure from the set 

values are corrected according to the following equation:  

p

PP

dt

dP




 0                                                   (2.13) 

This is accomplished by rescaling the particle coordinates and box vectors every nPC 

steps with a scaling a matrix µ given by: 

 )(
3

0 tPP
tn

ijijij

p

PC

ijij 


 


                                   (2.14) 

Here Poij  and Pij are elements of reference pressure matrix P0 and instantaneous 

pressure matrix P,  respectively. This algorithm is used in our equilibration simulations. 

This strong coupling scheme does not simulate true constant pressure ensembles but is 

efficient at bringing our system to the given pressure. 
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2.1.3.2 Parrinello Rahman pressure coupling 

We have used Parrinello Rahman pressure coupling in the production MD 

simulations. This method is similar to Nose-Hoover temperature coupling and in theory 

yields true constant pressure ensemble.  

In this algorithm, evolution of the box size obeys the following 

)( 0

1/1

2

2

PPbVW
dt

bd
                                            (2.15) 

Here b is a matrix containing the box vectors (i.e. vectors defining the size and shape of 

the simulation box), V is the volume of the box, W is a matrix determining the coupling 

strength and is given by 
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Here L, is the largest box matrix element 

The equations of motion for the particles are 

dt

dr
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F

dt
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where M is the friction coefficient given by 
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2.1.4 Calculation of Instantaneous Temperature and Pressure 

Both the temperature and pressure schemes require calculation of instantaneous 

temperature and pressure. Temperature of an N particle system is given by 
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The instantaneous pressure tensor P is calculated from the difference in the kinetic 

energy EKE and the virial  . 

P )(
2

 KEE
V

                                                 (2.20) 





ji

ijij Fr
2

1
                                             (2.21) 

Here rij is vector connecting the j-th particle with the nearest image of the i-th particle, Fij 

is the force exerted by the j-th particle on the i-th particle and   represents direct 

product of two vectors.  

2.2 Coarse Grained Molecular Dynamics 

Presently, molecular dynamics simulations on the atomic scale are limited to 

simulation times of less than 1 µs due to the limitations of computer power. One of the 

possible ways to extend time scales accessible to the molecular dynamics simulations 

is to use less precise models such as coarse grained molecular dynamic (CGMD) 

simulations.  

The CGMD simulations use “pseudo atoms” to represent group of atoms. This 

grouping of atoms helps one reduce the number of degrees of freedom and thus extend 

the time and length-scales accessible to the simulations. For our studies we use the 

MARTINI CGMD model proposed by Marrink et al(16). The MARTINI CGMD model 

generally uses 4:1 mapping scheme i.e. on average four heavy atoms are represented 

as one standard spherical bead. For representation of the underlying atomistic 

structure, the following four bead types are introduced: C(apolar), P(polar), N(non-polar) 

and Q(charged). Apart from the 4:1 mapping scheme for standard beads, CGMD also 

uses 2-3:1 mapping scheme to represent ring compounds. Each bead type has several 
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subtypes. For example, subtypes of 0, d, a and da indicate hydrogen bonding 

capabilities: 0(no hydrogen bonding capabilities), d (some hydrogen donor capabilities), 

a (hydrogen acceptor capabilities) and da (both donor and acceptor capabilities) and 

subtypes of 1,2,3,4,5 indicate the polarity of the bead: 5 is more than 1.The masses of 

most beads are set to 72 atomic mass units. 

The interactions between the CG beads i and j not connected by a chemical 

bond are described using the Lennard-Jones(LJ) potential,  
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Here ij  is the LJ diameter ij  is the depth of the potential well and i, j represent types of 

beads. The value of ij  is 0.47 nm for most of the standard particles. The value ij  for 

standard beads is varied from 5.6 KJ/mol for strongly attractive to 2.0 KJ/mol for nearly 

repulsive interactions. For the interaction between beads representing a ring structure, 

the value of ij  is changed to 0.43 nm and the values of ij  are reduced to 75% of the 

standard bead values. 

The electrostatic interaction energy of N particles and their periodic images is  


x y zn n n

N

i

N

j nij

ji

r

qqf
V

* ,2
                                           (2.23) 

Here 1)4(  f  and   is the permittivity of the medium, iq  and jq  are the charges on i-

th and j-th bead respectively, ),,( zyx nnnn   is the index vector of the simulation box, 

nijr ,  is the real distance between the charges, the asterisk indicate that the terms with i=j 

are omitted when )0,0,0(),,( zyx nnn  
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 Ewald summation is an elegant method to calculate long range interactions as it 

converts the single slowly converging sum in Eq.2.23 into two quickly converging terms 

and a constant term. In this technique, the summation is divided into short range and 

long range parts which are evaluated in real and reciprocal (Fourier) spaces, 

respectively.  

 ,0VVVV recdir                                                  (2.24) 
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The parameter   determines the relative weight of the direct and reciprocal 

sums. m = (mx, my, mz). The term V0 removes the interaction of the particle with itself 

contained in reciprocal sum. 

Small vibrations of the bond length and angles are approximated by harmonic 

potentials. 

20 )(
2
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ijijbond rrkrU                     (2.28) 

20 ))cos()(cos(
2
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)( ijkijkijkijkangle krU                                    (2.29) 

Here 0

ijr and 0

ijk are the equilibrium bond lengths and bond angles and, 
b

ijk ,


ijkk are the 

force constants. All our simulations were performed using software GROMACS (21). 
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The CG models and the corresponding atomic structures of the considered 

species are shown in Figure 2.1. Every four water molecules in the system were 

modeled as one single P type -bead. 

The membrane bilayers are modeled using saturated dipalmitoyl- 

phosphatidylcholine (diC16-PC) lipids, unsaturated dilinoleyl- phosphatidylcholine 

(diC18:2-PC) lipids and cholesterol. The diC16-PC, diC18:2-PC and cholesterol CG models 

were developed by Marrink et al(17)(18).   

The diC16-PC and diC18:2-PC lipid molecule consist a hydrophilic head group, an 

ester backbone, and two hydrophobic tails. The zwitterionic head group of these lipids 

consists of choline (modeled as Q0 bead with positive charge) and a phosphate group 

(modeled as Qa bead with negative charge). The ester backbone of lipids is modeled as 

two Na beads. The two hydrophobic tails are modeled as two chains, each containing 

four C beads. The only difference between the models of diC16-PC and diC18:2-PC is the 

double bonds in the tails of diC18:2-PC. 

The polar head group of cholesterol was modeled as a P bead. The sterol body 

was modeled by using a ring of five C beads. The hydrophobic tail was modeled as a 

chain of two C beads.  

In addition, we introduced several artificial lipids in order to investigate effects of 

the lipid structure on the raft formation. By replacing zwitterionic head group of diC16-PC 

with a negatively charged head group we have prepared an artificial lipid which we call 

as  E-type lipid. Specifically, we replaced the positive charge of the Q0 bead by a 

negative charge of the same magnitude and removed the charge from the Qa bead.  
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A  B  C       

D  E F 

G   H    

 

Figure 2-1.   Coarse grained models including corresponding atomistic structures of 
A)Water  B) diC16-PC  C) diC18:2-PC D) cholesterol E) SDS F) Tridecanoic 
acid G)Q type lipid H)Fullerene nanoparticle   
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Q type lipids were defined as lipids consisting of hydrophilic head group, an ester 

backbone and two hydrophobic chains. The head group is composed of a chain of 

beads containing a polar P4 bead and three charged Qa beads. The ester bone is 

modeled as two Na beads. The hydrophobic tails are modeled as two chains, with four 

C beads in one chain and five C beads in other. In addition, we introduced N type lipid 

which is similar to the Q type lipid and was obtained by replacing the charged Qa beads 

of the Q-type lipid with Na beads. 

In order to investigate effects of electrostatics on the surfactant membrane 

interactions, Sodium Dodecyl Sulfate (SDS) and Tridecanoic acid were considered. The 

SDS was modeled using a negatively charged Qa bead for representing sulfate group 

and three C beads to represent the tail. The Tridecanoic Acid surfactant is similar to 

SDS; here the charged Qa bead is replaced by a P bead. The motivation for considering 

these two surfactants was to investigate electrostatic effects of interactions with 

membrane. 

The CG model for fullerene C60 was based on the model proposed by D’Rozario 

et al(19). The C60 is modeled by placing 20 evenly spaced C-beads on a sphere of 

diameter ~1.1nm. A 3:1 mapping is employed here. To preserve the shape of fullerene, 

the bond lengths and angles between C-beads were constrained.    

2.3 Stochastic Model for Nanoparticle Transport 

The time scales of transport of molecules and nanoparticles across lipid 

membrane are too large for direct MD simulations. The transport rates are therefore 

calculated by using an indirect method known as potential of mean force (PMF) method.  

The C60 transport across lipid bilayer was assumed to be described by the 

Langevin equation(20) 
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Here   is the friction coefficient, m is mass of particle, G is the free energy, z is the 

direction of transport, and  (z, t) is random force. 

In our system, the lipid bilayer is parallel to the xy plane. The distance between 

the centers of mass of nanoparticle and lipid membranes are constrained at different 

distances along the z axis by applying constrained force (F). The nanoparticle was free 

to move in the x and y directions. The average of the constrained force is directly 

related to PMF. 
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CHAPTER 3 
RAFT FORMATION 

3.1 Stability of Surfactant Aggregates in Lipid Membranes 

3.1.1 Background  

The surfactants on contact with lipid membrane get adsorbed in the exposed lipid 

membrane leaflet. This adsorption of surfactant increases the pressure in the leaflet 

leading to increased permeability (22). This increase in permeability is often transient 

(7), i.e. the permeability of lipid bilayer eventually decreases. The decrease in 

permeability is called as healing. A hypothesis for explaining the healing of the bilayer 

states that healing may be due to jumping of surfactant molecules between the outer 

and inner layers of the bilayer and/or aggregation of surfactant molecules (8). In this 

section we present our MD simulations for investigate the possibility of surfactant 

aggregation in the diC16-PC membrane. To this end, we consider stability of 

preassembled surfactant aggregates in a bilayer. 

3.1.2 Simulation Details 

An initial system containing preassembled surfactant aggregate was created. 

The aggregate was then surrounded by a lipid bilayer. In our system, we have used 

SDS, Tridecanoic Acid and diC16-PC coarse grained models as described in Section 

2.2.  Initially, we arranged 628 SDS molecules in a circular bilayer structure to represent 

an aggregate as shown in Figure 3.1. The aggregate contains equal number of 

surfactant molecules in each layer.  

The distance between the Qa beads of SDS molecules across the bilayer was 

varied in order to investigate the dependency of aggregate stability on its thickness. 

Two distances 4.36nm and 2.6nm were considered for this purpose. The distance of 
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4.36nm was considered for making SDS aggregate thickness nearly equal to that of the 

diC16-PC bilayer and distance of 2.6nm was considered as it is nearly equal to the 

diameter of a SDS micelle. The horizontal spacing between SDS molecules was 0.5 

nm. This distance is greater than the bead diameter (σ = 0.47nm) and was chosen to 

avoid an overlap between the molecules. The surfactant aggregate was then 

surrounded by diC16-PC bilayer, water and sodium ions. All lipid molecules overlapping 

with the surfactant molecules were removed. We added 628 Na+ ions to neutralize the 

system. 

The resultant system consists of 628 molecules of SDS, 1957 molecules of diC16-

PC, 628 Na+ ions and 36294 beads of water in a box with dimensions 27nm x 27nm x 

11nm. An energy minimization is performed using the steepest descent algorithm. The 

system is then equilibrated for 200ns at 323 K temperature and 1 bar pressure, allowing 

some of the lipids in the bilayer to relax while positions of SDS molecules are 

restrained. The resultant system is shown in Figure 3.1. The position restraint on the 

SDS molecules was then removed and a production MD simulation was performed 

using both long range and short range electrostatics.  

In order to understand the contribution of electrostatic interactions for stabilizing 

our surfactant aggregate, we repeated the simulations for a system in which the anionic 

SDS surfactants were replaced by neutral Tridecanoic Acid surfactants.  

3.1.3 Results 

The surfactant aggregates are observed to be unstable. They disperse 

throughout the lipid bilayer in few nanoseconds of removal of the position restraint. For 

the short-range electrostatic model, the SDS aggregate with the initial thickness of 4.36 

nm dispersed throughout the membrane within 90 ns as shown in Figure 3.2. In the 
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case of long-range electrostatics, some of the SDS molecules were observed to desorb 

from the bilayer. This behavior is most probably due to increased attraction of SDS by 

Na+ ions which pulled them out of the bilayer. The remaining SDS molecules dispersed 

throughout the bilayer within 80 ns. 

A  -   B 

Figure 3-1. Initial conditions for MD simulations for exploring stability of pre-assembled 
surfactact aggregate A) Pre assembled SDS aggregate B) diC16-PC lipid 
bilayer containing a pre-assembled SDS aggregate 

 

 
Figure 3-2.  Results of MD simulations showing dispersion of SDS aggregate 

throughout the diC16-PC lipid bilayer  

 In the simulations with the SDS aggregate of initial thickness of 2.6nm, we 

observed that the SDS aggregate dispersed in membrane in 85 ns. The Tridecanoic 



 

30 

Acid aggregate with thickness of 4.36nm dispersed throughout the membrane within 70 

ns. The difference between these times is too small to perform meaningful comparison 

between the systems. The dispersion of surfactant molecules in all our simulations 

suggests that the considered surfactants do not form aggregates in diC16-PC bilayer.  

3.2 Phase Separation of Lipids Due to Cross Bridging by Calcium Ions 

3.2.1 Background 

Lipids in the membranes are known to aggregate into domains of different 

composition resulting in heterogeneity of the bilayer. Many mechanisms as stated in 

Chapter 1 are proposed for explaining the aggregation of lipids. 

In contrast to our observations reported in the Section 3.1, Pantano et al(23) 

observed raft formation of surfactant molecules. Their modeled system consists of 

surfactants which mimic charged and neutral surfactants called C and N-type 

surfactants, respectively. The C and N-type surfactant is modeled using 5 hydrophilic 

and 7 hydrophobic beads to represent the hydrophilic and hydrophobic parts of 

surfactants. In C-type surfactants, three head group beads were modified to mimic 

charged beads. Cross linker ion like particles which mimic calcium were added to the 

system. The size of crosslinker ion and its interaction strength with the charged group 

mimicking beads of the C-type surfactants was varied to drive the segregation. It is 

important to note that the beads mimicking the charges did not include real charges. 

The simulations resulted in formation of domains composed of C type surfactants and 

Calcium ions. 

In our study, we are investigating raft formation using artificial lipid molecules 

which are similar to the surfactant molecules used by Pantano et al. However our study 

greatly differs from Pantano as in our simulations, we have used explicit charges for 
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driving the segregation of lipids due to crosslinking by calcium ions which acts as 

crossbridges. This results in a more realistic representation of electrostatic forces in our 

system.   

3.2.2 Model and Simulation Details 

We considered three models systems: a mixture of diC16-PC and Q type lipids, a 

mixture of Q type lipids and N type lipids and a mixture of diC16-PC and E-type lipid. The 

models of diC16-PC, Q type, N type and E-type lipids were described in Section 2.2. The 

system compositions and simulation details are summarized in Table 3-1.  

Table 3-1. Details of the systems considered in simulation of aggregate formation due to 
salt bridges. 

System Composition Duration of 
simulation 

Box size Simulation 
parameters 

Initial 
conditions 

System 1 1600 diC16-PC 
lipids, 1600 E-type 
lipids, 49200 water 
beads and 800 
Ca2+ ions. 

400ns 31nm x 
31nm x 
10nm 

Long-range 
electrostatics. 
Temperature 
=323 K. 
Pressure 
=1 bar 

Bilayer of 
diC16-PC 
lipids and 
1600 E-
type lipids 
surrounded 
by water 
and 
calcium 
ions. 
 

System 2 196 diC16-PC lipids, 
196 Q-type lipids, 
6174 water beads 
and 294 Ca2+ ions 
and 6174 beads of 
water 

200ns 11nm x 
12nm x 
9nm 

Long-range 
electrostatics. 
Temperature 
=323 K. 
Pressure 
=1 bar 

Randomly 
dispersed 
lipids and 
ions in 
water 
 
 
 

System 3 838 molecules of 
N-type lipid, 246 
molecules of Q type 
lipid, 369 Ca2+ ions 
and 13924 
representing water 

200ns 14nm x 
14nm x 
14nm 

Long-range 
electrostatics. 
Temperature 
=323 K. 
Pressure 
=1 bar 

Lipids are 
arranged in 
form of 
bilayer by 
placing 
lipids apart 
by 0.5nm 
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A system containing diC16-PC and E-type lipids was considered to analyze if the 

Ca2+ ions can cross link lipids and drive the aggregation of lipids having only one 

charged bead in a head group. For creating the initial bilayer system, half of the lipids in 

a self-assembled diC16-PC bilayer system were replaced by E-type lipids.  

Our second system initially contains a random mixture Q type lipids and diC16-

PC. A Q-type lipid contains 3 charged beads in head group for driving the aggregation 

by electrostatic coupling with Ca2+ ions.  

In our third system, we created a bilayer containing Q-type and N-type lipids. 

These lipids contain equal number of beads for representing the head and tail groups. 

This system was considered to explore the influence of headgroup length of neutral 

lipids on the aggregation.  

3.2.3 Results 

No segregation of lipids has occurred in the System 1. The random initial 

mixtures of Systems 2 and 3 self-assembled into worm-like micelles and bilayer like 

structures shown in Figure 3.3 and 3.4, respectively. We note that an equilibrium self-

assembled structure in System 3 is likely to be a bilayer. The defects of the bilayer-like 

structures formed in our simulation are likely due to a large size of the simulation box. It 

is likely that a perfect bilayer can be obtained by performing self-assembly simulations 

in a system of a smaller size or by simulating the system for a very long period of time. 

The high number of Ca2+ ions near the head groups of Q-type lipids suggests 

that lipid segregation takes place due to the crosslinking of Q-type lipids by Ca2+ ions. 

This segregation of Q type lipid molecules is in agreement with the study of Pantono el 

at. However the segregation of the lipids was not observed when the lipids have only 
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single charged head groups indicating that the aggregation occurs only for lipids with 

several charged groups in their head groups.  

                                  

Figure 3-3  .Worm like micelles with aggregation of Q type lipids 

 
 

 

Figure 3-4 . Bilayer system containing Q-type and N-type lipids. Note: The Q type lipid 
aggregation can be observed.   
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3.3 Phase Segregations in Tertiary Lipid Mixtures : Effect of Cholesterol 

3.3.1 Background 

In the Section 3.2, we have considered the aggregation of artificial lipids due to 

crosslinking by ions. Here, we turn to a widely known natural lipid segregation 

mechanism which occurs due to the presence of cholesterol.  

The biological membranes separate in to various domains including the liquid 

ordered (Lo) and liquid disordered (Ld) phases. This segregation takes place in the 

presence of cholesterol at biologically relevant concentrations (10-30%). The Lo phase 

is enriched with cholesterol and saturated lipids and the Ld phase is mostly composed of 

unsaturated lipids. 

 Lipid bilayers generally exist as either disordered liquid crystalline or ordered gel 

phases. The liquid ordered phase Lo is perceived as an intermediate phase between the 

liquid crystalline and gel phases. Many theories are proposed to explain formation of the 

Lo phases. One of the hypotheses is that cholesterol interacting with saturated lipids 

increases the degree of orientation order of membrane leading to a tighter packing. This 

hypothesis was confirmed by simulations of Risselada el at( 24) .The goal of the current 

study is to understand the segregation and prepare samples of different membrane 

phases to be used in analysis of transport of fullerene across these phases.   

3.3.2 Model and Simulation Details 

 In this system the saturated and unsaturated lipids in a biomembrane were 

modeled using diC16-PC and diC18:2-PC respectively. According to the simulations 

carried by Risselada el at(24), an initial system of diC16-PC/diC18:2-PC/cholesterol 

molecules in the ratio of 0.48:0.28:0.3 have separated in to two equilibrium phases. 
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These phases were called Lo and Ld phase with compositions of diC16-PC/diC18:2-

PC/cholesterol in the ratio 0.61:0.01:0.37 and 0.08:0.75:0.17, respectively.  

A bilayer structure was obtained by Risselada el at(24) and posted in 

website(25). The system consists of 828 diC16-PC molecules, 540 diC18:2-PC molecules, 

576 cholesterol molecules and 12600 water beads. To this system, 45345 additional 

water beads were added and the resulting box size was 22nm x 22nm x 18nm. MD 

simulation is performed for 200ns at a temperature of 323K to melt the ordered phase. 

This is followed by an MD simulation for 1000ns at 295K. 

A             B 

C    

Figure 3-5 Distribution of components of bilayer at 323K A) The cholesterol distribution 
in the bilayer at 323K B) The corresponding distribution of lipids in the bilayer. 
C) The Color coding of cholesterol and lipids 
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3.3.3 Observations 

At 323K, the ordered phase melted dissolving the phase boundary as shown in 

Figure.3.5. The system shown in Figure 3.5 did not reach the steady state. The lipids 

are expected to mix completely and result in a homogeneous phase upon simulating the 

system for a longer period of time at 323K. Reducing the temperature of the system to 

295 K leads to phase separation as shown in Figure 3.6. The figures show that the 

degree of separation in the ternary mixtures of diC16-PC, diC18:2-PC and cholesterol is 

temperature dependent. 

 

 A               B 

C  

Figure 3-6 Distribution of components of bilayer at 295K A) The cholesterol distribution 
in the bilayer B) The corresponding distribution of lipids in the bilayer. C) The 
Cross sectional view of the bilayer. Note that the cholesterol has shown 
preference towards the diC16-PC molecules. 
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In the Chapter 4 we investigate nanoparticle transport across the Lo and Ld 

phases are modeled as a ternary mixture of diC16-PC, diC18:2-PC and cholesterol. On 

the basis the composition obtained by Risselada el at(24) for Lo and Ld phases, we have 

prepared two bilayer systems. The bilayer system with 264 diC16-PC molecules, 5 

diC18:2-PC molecules, 160 cholesterol molecules and 10586 beads of water is prepared 

to represent Lo phase. Our Ld phase is represented by a bilayer containing 264 diC18:2-

PC molecules, 60 cholesterol molecules, 28 diC16-PC molecules and 10586 beads of 

water. 
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CHAPTER 4 
TRANSPORT OF FULLERENE NANOPARTICLE INTO LIPID MEMBRANE 

4.1 Background 

Understanding permeation of nanoparticles into the cell membrane has great 

importance in nanotoxicology research. In our work we have focused on a transport of a 

hydrophobic fullerene nanoparticle across the membrane. The fullerene nanoparticles 

are composed of carbon atoms hold promise in the areas of drug delivery, antimicrobial 

therapy (26), diagnostic imaging and cancer research (27). However, both the pristine 

and functionalized fullerenes have been shown to exhibit toxicity (28). One of the 

possible toxicity mechanisms is generation of reactive oxygen species (ROS) causing 

lipid peroxidation and cell death (29). Besides this mechanism nanoparticles can also 

damage the integrity of membranes by physical mechanisms. Most of earlier molecular 

dynamics studies of the transport of fullerene nanoparticles into the lipid membranes 

have been performed for single component lipid membranes (19,30,31). These studies 

have shown that fullerenes can enter the lipid membrane with ease and stay in the 

membrane for a very long time. It is thus possible that this long residence of 

nanoparticles in membranes leads to membrane destabilization. 

The goal of Chapter 4 is to explore effect of the membrane composition on 

nanoparticle transport across membranes. Specifically, we analyzed the transport of 

fullerene across the liquid-ordered and liquid-disordered phases of membranes 

composed of saturated and unsaturated lipids and cholesterol.  

4.2 Model and Simulation Details 

The models of the liquid ordered (Lo) and liquid disordered (Ld) phases of a lipid bilayer 

were created using diC16-PC, diC18:2-PC and cholesterol as described in Section 2.2.  
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 The two bilayer systems were equilibrated for 200ns at a temperature of 295 K 

and pressure of 1 bar. A model C60 was then introduced into the systems. An energy 

minimization simulation is preformed followed by a MD equilibration simulation of the 

system for 100ns.  

The free energy profiles for the transport of the model fullerene nanoparticle 

across the Lo and Ld lipid phases are obtained using the constrained simulations 

described in Section 2.3. In this method we constrain the distance between the center of 

masses of C60 and lipid bilayer at different positions along the z-direction (recall that the 

bilayer is parallel is parallel to the x-y plane). The initial conditions for the constrained 

simulations were obtained by application of an artificial force to pull C60 through a 

bilayer at a rate of 0.0001 nm/ps. The pulling simulations yielded systems with 

distances between the centers of mass of C60 and membrane varying from 0.2 nm to 6 

nm. Constraining the distance between the centers of mass, we performed production 

MD simulations for 400ns using the time step of 0.01 ps to obtain the free energy 

profile. 

4.3 Results 

The obtained free energy profiles for the transport of C60 into the membrane 

phases are shown in the Figure 4.1.  

The free energy profiles for the fullerene nanoparticle transport across the Lo and 

Ld phases show a great qualitative difference. The profiles indicate that in both phases 

the fullerene present in water is attracted towards the bilayer center. This is due to 

hydrophobic attraction between the hydrophobic fullerene and hydrophobic tails of the 

lipids. 
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Figure 4-1. Free energy profiles for the transport of the model fullerene nanoparticle 

across the Lo and Ld lipid phases 

In Ld phase, the fullerene is shown to easily enter the bilayer with negligible 

resistance. The hydrophilic head groups of the lipids do not provide any observable 

resistance to the transport. This is due to the similarity between interactions of fullerene 

with hydrophilic head groups and water. Upon entering the membrane, fullerene 

continues to experience hydrophobic attractions which move it to the center of the 

membrane. The energy profile for the Ld phase is similar to the previous simulations 

studies (19,30,31) and indicates that the fullerene can easily enter the membrane. 



 

41 

On the other hand, in the Lo phase the fullerene experiences a high energy 

barrier of height ~20 KJ/mol at the entrance. This energy barrier is likely due to the tight 

packing of the lipids and cholesterol in the Lo phase. Upon the entry of nanoparticle into 

the bilayer, the free energy increases gradually which is likely due to the increase in 

density of cholesterol rings. The free energy profile then decreases as the fullerene 

moves towards the center of the bilayer due to the hydrophobic attraction by tail groups 

and also due to a decreased thickness of the cholesterol rings.  

The computed free energy profiles indicate that the C60 nanoparticles are more 

likely to be present in the Ld phase of the membrane as the Lo phase provides a larger 

resistance to their entry. 
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