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One of the key challenges in the design of self-assembled nanostructured 

materials as delivery vehicles is the prediction of their resultant shape and size as well as 

controlling their interactions with various nanoparticles and macromolecules while 

optimizing their circulation time and biodistribution profile. In order to overcome the 

challenges behind the optimal design of such nanostructured soft materials, the 

mesoscopic properties of soft biomaterials such as cell membranes or liposomes need to 

be investigated. Fundamental insight into the morphology and dynamics of these 

materials will require the development and utilization of a suite of modeling tools with 

each class of tools tuned to address physical phenomena over a specific spatio-temporal 

scale. These multiple modeling techniques have to be interfaced at the juncture of two 

scales to enable a multiscale resolution of the system behavior over large length (from 1 

nm up to 1 µm) and time scales (nano-seconds to micro-seconds).  The  aim of this work 
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to understand the underlying mechanisms that affect the organization, shape, stiffness and 

interfacial stability of biomaterials, and furthermore investigate the cooperative relations 

among them which dictate their final structural and functional state. Understanding these 

fundamental processes can help developing simple models of stable bio-inspired 

membranes and vesicles with tunable phase segregation properties as well as desirable 

stiffness and shape characteristics for various applications such as the design and 

prediction of novel hybrid soft materials for encapsulation and delivery of therapeutic 

agents, cellular sensing and sustainability. It will also contribute to understanding the 

underlying mechanisms of the interactions between micelles, proteins or synthetic 

particles with bio-inspired multi-component membranes, or liposomal drug delivery 

vehicles.   

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Acknowledgements 

I feel extremely honored to be trained by my advisor Dr. Meenakshi Dutt and 

would like to express my deepest gratitude to her for the continuous support, patience, 

valuable knowledge and encouragement during my Ph.D study. Dr. Dutt taught me 

everything from scratch in a very enthusiastic way and never let me feel inadequate in my 

studies. She always found a way to motivate me towards my goals, and she pushed me 

farther than I thought I could go. “Tell me and I forget, teach me and I may remember, 

involve me and I learn.” This quote by Benjamin Franklin reflects the mentality I learnt 

from her. She encouraged me to involve in various departmental activities, attend 

conferences, workshops, and develop my mentorship skills, which led me to learn 

knowledge that I will never forget. I would like to thank my advisor once again for all the 

effort she put into our training and helping us to become future scientists! 

I also would like to thank the rest of my thesis committee: Dr. Jha, Dr. Roth, Dr. 

Shapley and Dr. Sofou for their critical comments and giving me new insights into my 

Ph.D thesis project, which help me to improve it from various perspectives. I would like 

to thank Dr. Jha for teaching me how to approach various problems by considering their 

time complexity and ability to identify the best algorithmic way to tackle these problems. 

I also would like to thank him for sharing his high performance computing resources with 

us and for teaching us the computational tools to maximize our use of these resources. I 

would like to thank Dr. Roth for sharing his valuable experiences in the experimental 

design of biological products and the drug delivery systems with me. He helped me to get 

a better understanding of my thesis project by suggesting methods to relate our 

computational model with the experimental systems. I would like to thank Dr. Shapley 



v 

 

for her insightful questions related to the practicality and applicability of our 

computational models to real systems. She helped me to have a general picture of my 

project and see different aspects of it, which I didn’t realize before. I would like to thank 

Dr. Sofou for increasing my understanding of biomembranes and drug delivery systems 

from the experimental point of view, and also helped me to improve our model by her 

fruitful suggestions for making connections between our computational model and 

experimental systems. I would also like to thank her for sharing her detailed notes with 

me after proposal exam, which helped me to organize my plans for the next phase.  

I would like to thank my fellow colleagues in Dr. Dutt’s research group for their 

support to help me complete this dissertation, and also for all the fun we have had in the 

last a few years. I would like to show my gratitude to my fellow PhD colleague, Leebyn 

Chong, for making the research more interesting and also for being a great friend. He is a 

perfect person to ask for a discussion about a research topic as he has a very good critical 

thinking and communication skills. I would like to send my special thanks to Geetartha 

Uppaladadium and Paul Ludford for their active contribution in this dissertation.  I would 

have not been able to complete this work successfully without their efforts and support. I 

would also like to thank Xiaolei Chu. Although he is not included in the work presented 

here, we have several other projects together and he is an excellent fellow to work with. 

We learn from each other while working on these projects. 

I gratefully acknowledge the funding received towards my PhD from Chemical & 

Biochemical Engineering (CBE) departmental fellowship and School of Engineering 

(SOE) fellowship at Rutgers University. I would also like to acknowledge the Graduate 



vi 

 

School – New Brunswick for travel funds that support me to present this research at 

national conferences. 

In addition, I would like to thank all the personnel of Department of Chemical & 

Biochemical Engineering and the School of Engineering for making our days at the 

school go smoothly.   

I would like to thank my housemate, Gorkem Kar, and my colleague in the 

department, Nihar Sahay, for being great friends. I have some of the best memories with 

them at Rutgers University. I also would like to send special thanks to my friend, Zeynep 

Hazal, who is my friend from Koc University, Istanbul. She has been always very good 

friend, very supportive of me and helped me with my application to Rutgers University. 

I would like to thank my family: my parents (Ayse and Mahmut), grandmother 

(Fatma), brother (Eray), sister-in-law (Eylem) and newborn niece (Maya Nehir). I 

wouldn’t be able to be in this position if I didn’t get their full support. I feel very safe 

being in their presence as I know they will support me in every decision I make in the 

future. Thank you for being such a great family to me!  

 

 

 

 

 

 

 



vii 

 

Table of Contents 

ABSTRACT OF THE DISSERTATION ........................................................................... ii 

Acknowledgements ............................................................................................................ iv 

Table of Contents ............................................................................................................. viii 

List of Tables ...................................................................................................................... x 

List of Figures ................................................................................................................... xii 

Chapter 1: Introduction and objectives ............................................................................... 1 

Chapter 2: Designing Bio-Inspired Multi-component Vesicles via Dissipative Particle 

Dynamics and Implicit Solvent Molecular Dynamics Simulation Methods ...................... 8 

2.1       General overview on coarsening dynamics in multi-component bilayers .............. 9 

2.2       Dissipative Particle Dynamics (DPD) .................................................................. 11 

           2.2.1       Technical background ............................................................................. 11 

           2.2.2       Modeling and parameterization of system components .......................... 12 

           2.2.3       Length, time and energy scales of the system......................................... 15 

2.3       Results and discussion (DPD) ............................................................................... 16 

           2.3.1       Formation of multi-component vesicles ................................................. 17 

           2.3.2       Coarsening-dynamics in multi-component vesicles ............................... 17 

           2.3.3       Packing properties of multi-component vesicles .................................... 28 

           2.3.4       The relation between thermodynamics and coarsening-dynamics in 

multicomponent vesicles ................................................................................................... 28 



viii 

 

           2.3.5       The relation between chain stiffness, phase separation and packing 

properties of the bilayer in multicomponent vesicles ....................................................... 32 

2.4       Implicit solvent coarse-grained molecular dynamics (CG MD) ........................... 34 

            2.4.1       Technical background ............................................................................ 34 

            2.4.2       Modeling and parameterization of system components ......................... 35 

            2.4.3       Length, time and energy scales of the system ........................................ 39 

2.5       Results and discussion (Implicit solvent CG MD) ............................................... 39 

            2.5.1       Formation of single component lipid vesicle via self-assembly ............ 39 

            2.5.2       The effect of the temperature on the structural characteristics of a single 

component vesicle ............................................................................................................. 40 

            2.5.3       Coarsening-dynamics in multi-component vesicles using implicit solvent 

conditions .......................................................................................................................... 42 

            2.5.4       The effect of phase segregation on the structural characteristics of multi-

component vesicle ............................................................................................................. 47 

2.6        Chapter Conclusions ............................................................................................ 49 

Chapter 3: The Design of Shape-Tunable Hairy Vesicles ................................................ 50 

3.1 General overview ................................................................................................... 51 

3.2 Modeling and parameterization of system components ........................................ 52 

           3.2.1       Modeling in bulk conditions ................................................................... 52 

           3.2.2       Modeling under confinement .................................................................. 54 

3.3 Results and discussion ........................................................................................... 56 



ix 

 

 3.3.1       Self-assembly of hairy vesicle and characterization of the aggregation 

process............................................................................................................................... 56 

 3.3.2       Effect of confinement on the aggregation dynamics .............................. 60 

 3.3.3       Distribution of tethers in the monolayers................................................ 64 

           3.3.4       Intrinsic factors controlling shape of hairy vesicle ................................. 66 

 3.3.5       Effect of confinement on the shape of hairy vesicle ............................... 76 

3.4 Chapter conclusions ............................................................................................... 83 

Chapter 4: Modeling Interactions between Patchy Nanoparticles and Multi-component 

Nanostructured Soft Biomaterials ..................................................................................... 84 

4.1      General overview ................................................................................................... 85 

4.2      Modeling interactions between patchy nanoparticles and hairy vesicles via 

dissipative particle dynamics simulation technique .......................................................... 86 

            4.2.1       Modeling and parameterization of system components ......................... 86 

            4.2.2       Results and discussion ........................................................................... 88 

4.3       Modeling interactions between charged nanoparticles and multi-component 

vesicles via implicit solvent coarse-grained molecular dynamics simulation technique 104 

              4.3.1       Modeling and parameterization of system components ..................... 104 

              4.3.2       Results and discussion ....................................................................... 107 

Chapter 5: Conclusions and future directions ................................................................. 113 

Bibliography ................................................................................................................... 119 

 



x 

 

List of Tables 

Table 2.1: The soft repulsive interaction parameters, aij between head, tail beads of lipid 

type 1 and 2 and the solvent beads. The boxes with “—“ represent the interaction 

parameters that can be varied for the mixture of lipids with different chemical properties

........................................................................................................................................... 15 

Table 2.2: Table of the scaling exponents α (obtained from the measurements of number 

of clusters) and β (obtained from the measurements of the average cluster size) for 

different soft repulsive interaction parameters of the tail groups of the two lipid species, 

at1-t2 = 31, 32, 41, and 50. The simulations used to obtain the scaling exponents have been 

run for a total time of 10,000τ and averaged over four different random seeds ............... 25 

Table 2.3: The bilayer thickness and area per lipid of the binary component vesicle as a 

function of different soft repulsive interaction parameters between the tail groups of the 

two lipid species, at1-t2 = 31, 32, 41, and 50. The simulations have been run for a total 

time of 10,000 τ and each data point has been averaged over four simulation runs using 

different random seeds.. .................................................................................................... 26 

Table 2.4: Tabulation of the bilayer thickness and the area per lipid of the DPPC bilayer, 

at temperature of T = 50 
o
C. Measurements from the simulations are shown in reduced 

units (first column) and physical units (second column.) Published experimental and 

theoretical measurements are provided in the third column. The simulation results in 

physical units and the experimental results for the area per lipid are not provided since it 

is used to obtain the length scale of the system, and is discussed in the Methodology 

section ............................................................................................................................... 41 



xi 

 

Table 2.5: The bilayer thickness and the area per lipid of the single component self-

assembled vesicle as a function of temperature ranging from 0.7 to 0.95. The simulations 

have been run for a total time of 20,000 τ and each data point has been averaged over 

four simulation using different random seeds ................................................................... 43 

Table 3.1: Table of the scaling exponents α and β for the self-assembly of binary 

mixtures composed of different relative concentrations of hairy lipid and phospholipid 

molecules, and length of the tethers .................................................................................. 58 

Table 3.2: The number of hairy lipid molecules and the radius of gyration of the tethers 

present in the inner and outer monolayers of the self-assembled vesicles, and maximum 

and minimum distances from the center of mass of the vesicle to the lipid head groups in 

the outer monolayer for different relative concentrations of the hairy lipids and tether 

lengths ............................................................................................................................... 65 

Table 3.3: The radius of gyration of the tethers presents in the inner and outer monolayers 

of the self-assembled vesicles for different relative concentrations of the hairy lipids and 

tether lengths in the confinement with a channel height of 10rc, 15rc and 20rc ................ 66 

Table 3.4: The number of hairy lipid molecules present in the inner and outer monolayers 

of the self-assembled vesicles for different relative concentrations of the hairy lipids and 

tether lengths at different degrees of confinement ............................................................ 67 

Table 3.5: Table of the scaling exponents α and β for the coarsening dynamics in the 

bilayer of a binary hairy vesicle induced by the dissimilarity of the hydrocarbon tail 

groups of the phospholipid and hairy lipids, for different tether lengths .......................... 74 

Table 3.6:  The area per hairy lipid for tethers composed of three and six beads in the 

inner and outer monolayers of the binary hairy vesicle as a function of the inter-specie 



xii 

 

tail-tail soft repulsive interaction parameters at1t2. The simulations have been run for a 

total time of 10,000 τ and each data point has been averaged over four simulation runs 

using identical initial conditions but different random seeds ........................................... 75 

Table 3.7: The reduced volume and the x, y, z - principal axes of the self-assembled hairy 

vesicles for different relative concentrations of the hairy lipids and tether lengths in bulk 

conditions (without walls)................................................................................................. 78 

Table 3.8: The total outer surface area and enclosed volume of the self-assembled hairy 

vesicles for different relative concentrations of the hairy lipids and tether lengths at 

different degrees of confinement ...................................................................................... 80 

Table 3.9: The x, y, z - principal axes of the self-assembled hairy vesicles for different 

relative concentrations of the hairy lipids and tether lengths in the confinement with a 

channel height of 8rc, 10rc, 15rc and 20rc .......................................................................... 82 

Table 4.1: A comparison of the number of interactions between NP patch – phospholipid 

head groups and NP patch – tethers after all the NPs adsorb on to the vesicle ................ 95 

List of Figures 

Figure 2.1: (a) The amphiphilic lipid molecules, (b) completely mixed binary component 

lipid vesicle at t = 10,000τ ................................................................................................ 13 

Figure 2.2: Snapshots from the final configurations of the binary component lipid vesicle 

at t = 5,000τ for different soft repulsive interaction parameters between the head groups 

of the two lipid species (a) ah1-h2 = 26, (b) ah1-h2 = 42, (c) ah1-h2 = 50. All the simulations 

start from the completely mixed state. (d) A plot of the time evolution of the total number 

of clusters of one type of lipid after a single stable vesicle has formed for the head-head 

soft repulsive interaction parameters of ah1-h2 = 26, 34, 42, and 50. (e) A plot of the time 



xiii 

 

evolution for the average cluster size of one type of lipid after a single stable vesicle has 

formed for the head-head soft repulsive interaction parameters of ah1-h2 = 26, 34, 42, and 

50. The simulations have been run for a total time of 10,000τ from the mixed state and 

each data point has been averaged over four simulation runs using different random seeds

........................................................................................................................................... 20 

Figure 2.3: Snapshots from the final configurations of the binary component lipid vesicle 

at t = 5,000τ for different soft repulsive interaction parameters between the tail groups of 

the two lipid species (a) at1-t2 = 26, (b) at1-t2 = 29, (c) at1-t2 = 31. All the simulations start 

from the completely mixed state. (d) A plot of the time evolution of the total number of 

clusters of one type of lipid after a single stable vesicle has formed for the tail-tail soft 

repulsive interaction parameters of at1-t2 = 26, 27, 28, 29, 30, 31, 32, 41, and 50. (e) A 

plot of the time evolution for the average cluster size of one type of lipid after a single 

stable vesicle has formed for the tail-tail soft repulsive interaction parameters of at1-t2 = 

26, 27, 28, 29, 30, 31, 32, 41, and 50. The simulations have been run for a total time of 

10,000τ from the mixed state and each data point has been averaged over four simulation 

runs using different random seeds .................................................................................... 21 

Figure 2.4: The distribution of the head beads in the two-component system as a function 

of four consecutive time steps. The exact same region of the vesicle is shown in all the 

snapshots ........................................................................................................................... 22 

Figure 2.5: A plot of the aggregate size as a function of the soft repulsion interaction 

parameters between (a) the head groups (ah1h2) and (b) the tail groups (at1t2). The 

simulations have been run for a total time of 10,000τ from the mixed state and each data 

point has been averaged over four simulation runs using different random seeds ........... 24 



xiv 

 

Figure 2.6: A plot of time scale behavior for the number of clusters used to obtain the 

scaling exponent (α) for the tail-tail soft repulsive interaction parameters of at1-t2 = 31, 32, 

41, and 50. The simulations have been run for a total time of 10,000τ from the mixed 

state and each data point has been averaged over four simulation runs using different 

random seeds ..................................................................................................................... 27 

Figure 2.7: A plot of time scale behavior for the average cluster size used to obtain the 

scaling exponent (β) for the tail-tail soft repulsive interaction parameters of at1-t2 = 31, 32, 

41, and 50. The simulations have been run for a total time of 10,000τ from the mixed 

state and each data point has been averaged over four simulation runs using different 

random seeds ..................................................................................................................... 27 

Figure 2.8: A plot of the average line tension as a function of the tail-tail soft repulsive 

interaction parameters at1-t2 (= 26, 27, 28, 29, 30, 31, 32, 41, and 50.) The measurements 

were performed on particle trajectories starting at 10,000τ, for a total duration of 5,000τ. 

Each data point has been averaged over time ................................................................... 30 

Figure 2.9: A plot of the surface tension as a function of the tail-tail soft repulsive 

interaction parameters at1-t2 (= 26, 27, 28, 29, 30, 31, 32, 41, and 50.) The measurements 

were performed on particle trajectories starting at 10,000τ, for a total interval of 25,000τ. 

We adopt a box averaging approach to compute the errors .............................................. 31 

Figure 2.10: Snapshots from the final configurations of the binary component lipid 

vesicle at t = 5,000τ while keeping the angle coefficient of one type lipid at a constant

 value of Kangle,2 = 20 and varying the angle coefficient of other type of lipid for the values 

of (a) Kangle,1  = 0, (b) Kangle,1  = 5, (c) Kangle,1  = 10, (d) Kangle,1  = 15. All the simulations 

start from the completely mixed state. (e) The area per lipid of the binary component 



xv 

 

vesicle as the angle coefficient of specific type of lipid species (Kangle,1) is varied from 0 

to 40 and the angle coefficient of other type of lipid species is kept at a constant value of 

Kangle,2 = 20. The simulations have been run for a total time of 5,000 τ ........................... 33 

Figure 2.11: Images of (a) an amphiphilic lipid molecule, (b) randomly dispersed lipid 

molecules in a simulation box of 25x25x25σ at the simulation time t = 0, (c) a self-

assembled single component lipid vesicle at t = 500,000τ, and (d) a plot of the average 

total energy of single component lipid vesicle as a function of time ................................ 37 

Figure 2.12: Time evolution of the average (a) pair, (b) angle and (c) bond energies 

during the self-assembly process of the single component lipid vesicle. The simulation 

has been run for a total time of 500,000τ .......................................................................... 40 

Figure 2.13: Final configuration of a single component self-assembled vesicle (at t = 

20,000τ) at a temperature (a) T = 0.7, (b) T = 0.75, (c) T = 0.8, (d) T = 0.85, (e) T = 0.9, 

(f) T = 0.95 ........................................................................................................................ 41 

Figure 2.14: Images of the final configurations of the self-assembled binary vesicle (at 

time t = 500,000τ) for the inter-species inter-tail bead interaction parameters (a) εt1-t2 = 

0.90, (b) εt1-t2 = 0.92, (c) εt1-t2 = 0.94, (d) εt1-t2 = 0.96, and (e) εt1-t2 = 0.98. (f) A plot of the 

time evolution of the total number of clusters of one type of lipid species after the 

formation of a single stable vesicle, for εt1-t2 = 0.90, 0.92, 0.94, 0.96, and 0.98. The 

simulations have been run for a total time of 500,000τ and each data point has been 

averaged over four simulation runs using different random seeds. The x-axis has been 

scaled by 1/1000 for ease of visualization ........................................................................ 44 

Figure 2.15: Images of the final configurations of the binary vesicle at t = 500,000τ for 

the inter-species inter-tail bead interaction parameters (a) εt1-t2 = 0.75, (b) εt1-t2 = 0.80, (c) 



xvi 

 

εt1-t2 = 0.85, (d) εt1-t2 = 0.90, (e) εt1-t2 = 0.95, and (f) εt1-t2 = 1.00. All the simulations were 

run beginning from a completely mixed state. A plot of the time evolution of (g) the total 

number of clusters and (h) the average cluster size, for εt1-t2 = 0.75, 0.80, 0.85, 0.90 and 

0.95. The simulations have been run for a total time of 500,000τ beginning from a mixed 

state, and each data point has been averaged over four simulation runs using different 

random seeds ..................................................................................................................... 46 

Figure 2.16: A log-log plot of the time evolution of (a) the total number of clusters and 

(b) the average cluster size of one type of lipid following the formation of a single stable 

vesicle (εt1-t2 = 0.75.) The simulations have been run for a time interval of 1,000,000τ 

from the mixed state and each data point has been averaged over four simulations which 

have the same initial conditions but different random seed. The scaling exponents are 

obtained by taking the slope of region shown in red. The trend lines and corresponding 

equations are shown on the figures ................................................................................... 48 

Figure 3.1: Images of the (a) amphiphilic phospholipid molecule, (b) hairy lipid molecule 

with a tether composed of three beads, and (c) hairy lipid molecule with a tether 

composed of six beads. (d) Time evolution of the average total energy of binary 

component hairy vesicle composed of phospholipids (90%) and hairy lipid molecules 

with tether composed of three beads (10%), and the corresponding images of the 

aggregation process. (e) An image of a stable self-assembled binary hairy vesicle 

composed of phospholipids (90%) and hairy lipid molecules with tethers composed of 

three beads (10%) at time t = 60,000τ .............................................................................. 53 

Figure 3.2: (a) The dimensions of the three-dimensional simulation box and channel used 

to confine the amphiphilic molecules. (b) The initial system configuration for a mixture 



xvii 

 

of phospholipid and hairy lipid molecules in the confinement with a channel height of 

15rc. (c) A side, (d) top and (e) cross-sectional view of a self-assembled prolate vesicle in 

the confinement with a channel height of 20rc at time t = 120,000τ. (f) A side, (g) top and 

(h) cross-sectional view of a self-assembled oblate vesicle in the confinement with a 

channel height of 10rc at time t = 120,000τ. (i) A side, (j) top and (k) cross-sectional view 

of a self-assembled bicelle in the confinement with a channel height of 8rc at time t = 

120,000τ. The systems in (b) – (k) are composed of phospholipids (90%) and hairy lipid 

molecules with tethers composed of three beads (10%). The wall beads are reduced in 

size to enhance the top view of the different vesicle morphologies ................................. 55 

Figure 3.3: The time evolution (beginning from time t = 1,000τ) of the total number of 

clusters encompassing mixtures of phospholipids and hairy lipids with tethers composed 

of (a) three beads, for relative concentration of the hairy lipids given by 10%, 20%, 30%, 

40% and 50%, and (b) six beads, for relative concentration of the hairy lipids given by 

10% and 20%. The inset in (a) and (b) show the time evolution of the total number of 

clusters between the time interval t = 0 and t = 1,000τ. (c) The time evolution for the 

average cluster size for mixtures of phospholipids and hairy lipid molecules with the 

tethers composed of (c) three beads, for relative concentration of the hairy lipids given by 

10%, 20%, 30%, 40% and 50%, and (d) six beads, for relative concentration of the hairy 

lipid given by 10% and 20% ............................................................................................. 59 

Figure 3.4: A plot of the scaling exponent α as a function of the distance between two 

planar surfaces for the self-assembly of binary mixtures composed of different relative 

concentrations of hairy lipid and phospholipid molecules, and length of the tethers ....... 61 



xviii 

 

Figure 3.5: The constant C in the scaling exponent relation N(t) ~ C t
α
 as a function of the 

channel height and relative concentration of the hairy lipids for three different lengths of 

tethers ................................................................................................................................ 63 

Figure 3.6: Equilibrium configurations of the binary hairy vesicle composed of a range of 

concentrations of the hairy lipids (10% to 50% for the short tethers and 10% to 20% for 

the long tethers) at t = 5,000τ, for different hydrocarbon chain stiffness of the 

phospholipid specie given by Kangle  = 5, 10, 15, and 20. The angle coefficient of the hairy 

lipid hydrocarbon chain was set at Kangle = 0 .................................................................... 69 

Figure 3.7: The phase diagram for the reduced volume of the self-assembled hairy 

vesicles with tethers composed of (a) three beads, (b) six beads as a function of xtether 

and Kangle. The phase diagram for the rmin/rmax of the self-assembled hairy vesicles with 

tethers composed of (c) three beads, (d) six beads as a function of xtether and Kangle. The 

phase diagram for the interfacial line tension of the self-assembled hairy vesicles with 

tethers composed of (e) three beads, (f) six beads as a function of xtether and Kangle. xtether is 

varied from 0.1 to 0.5 for lipid species with short tethers and from 0.1 to 0.2 for lipid 

species with long tethers. Kangle for the phospholipids is varied from 5 to 20 .................. 71 

Figure 3.8: A plot of the time evolution of the total number of clusters of the hairy lipid 

molecules with (a) short and (b) long tethers. A plot of the time evolution for the average 

size of the clusters composed of hairy lipids with (c) short and (d) long tethers. The 

simulations have been run for a time interval of 10,000τ, and each data point has been 

averaged over four simulations using identical initial conditions but different random 

seeds. All the simulations start from a completely mixed state. The inter-specie tail-tail 



xix 

 

soft repulsive interaction parameter was set at the following values: at1t2 = 31, 32, 35, 38, 

41, and 50 .......................................................................................................................... 73 

Figure 3.9: Final configurations of the binary hairy vesicle at time t = 10,000τ for 

different soft repulsive interaction parameters between the tail groups of the 

phospholipids and hairy lipids given by (a) at1t2 = 31, (b) at1t2 = 50, and (c) at1t2 = 31, (d) 

at1t2 = 50, respectively for short and long tethers. Plots of the (e) minimum and maximum 

distance of the lipid head beads from the COM of vesicle, and (f) average line tension as 

function of at1t2 .................................................................................................................. 77 

Figure 3.10: A plot of the reduced volume of the self-assembled hairy vesicles as a 

function of the distance between two planar surfaces for different relative concentrations 

of the hairy lipids and tether lengths ................................................................................. 78 

Figure 3.11: An image that shows the principal axes (x, y and z) of the self-assembled 

binary hairy vesicle with a prolate morphology ............................................................... 81 

Figure 3.12: A plot of interfacial line tension of the self-assembled hairy vesicles as a 

function of tether concentration for different distances between two planar surfaces and 

different tether lengths ...................................................................................................... 83 

Figure 4.1: Spherical patchy NP with a radius of 2.25rc ................................................... 86 

Figure 4.2: Initial configuration of (a) binary component hairy vesicle composed of 

phospholipids (50%) and hairy lipid molecules with short tethers (50%), and 4 NPs 

placed outside the interaction range of the hairy vesicle, (b) binary component hairy 

vesicle composed of phospholipids (50%) and hairy lipid molecules with long tethers 

(50%), and 4 NPs placed outside the interaction range of the hairy vesicle, (c) short tether 

hairy vesicle with 4 NPs adsorbed onto the phospholipid head groups at t = 160,000τ, (d) 



xx 

 

long tether hairy vesicle with 4 NPs adsorbed onto the phospholipid head groups at t = 

160,000τ ............................................................................................................................ 89 

Figure 4.3:  A plot of number of interactions between nanoparticle and tethers as a 

function of time for 4 nanoparticles interacting with hairy vesicle composed of long 

tethers ................................................................................................................................ 90 

Figure 4.4: Images of the capture of a single NP by phospholipid head groups of a hairy 

vesicle composed of long tethers at (a) t = 2130τ, (b) t = 2230τ, (c) t = 2300τ, (d) t = 

2320τ, (e) t = 2340τ, (f) t = 2380τ and (g) a plot of the number of interactions between 

NP patch and tethers as a function of time during the capturing process ......................... 92 

Figure 4.5: Plots of the number of interactions between the NP patch and phospholipid 

head groups as a function of time for 4 NPs interacting with hairy vesicle composed of 

(a) short and (b) long tethers. The simulations of hairy vesicles composed of short and 

long tethers have been run for a total time of 80,000τ and 160,000τ, respectively. The 

measurements from four simulation runs using different random seeds are shown 

separately in the plot ......................................................................................................... 93 

Figure 4.6: Plots of number of interactions between nanoparticle patch and phospholipid 

head groups as a function of time for (a) 8, (b) 12 nanoparticles interacting with hairy 

vesicle composed of short tethers and (c) 8, (d) 12 nanoparticles interacting with hairy 

vesicle composed of long tethers. The simulations of hairy vesicles composed of short 

and long tethers have been run for a total time of 80,000τ and 160,000τ, respectively. The 

measurements of four simulation runs using different random seeds are shown separately 

in the plot .......................................................................................................................... 94 



xxi 

 

Figure 4.7: A plot of the number of NPs adsorbed on to the phospholipid head groups of 

hairy vesicle composed of short and long tethers as a function of tether composition (0.1 

to 0.5) respectively for the NP radius of 0.75rc and 1.50rc, and the NP radius of 1.50rc and 

2.25rc. The simulations have been run for a total time of 30,000τ and each data point has 

been averaged over four simulation runs using different random seeds ........................... 96 

Figure 4.8: Residence time measurements of NPs after their adsorption on to the 

phospholipid head groups of hairy vesicle composed of short and long tethers for (a) 4, 

(b) 8 and (c) 12 NPs .......................................................................................................... 98 

Figure 4.9: Images of the capture of single NP by tethers of hairy vesicle composed of 

long tethers at (a) t = 95τ, (b) t = 125τ, (c) t = 130τ, (d) t = 180τ, and (e) a plot of number 

of interactions between NP patch and tethers as a function of time during the capturing 

process............................................................................................................................. 100 

Figure 4.10: Plots of number of interactions between NP patch and tethers as a function 

of time for (a) 4, (b) 8, (c) 12 NPs interacting with hairy vesicle composed of long 

tethers. The simulations have been run for a total time of 80,000τ. The measurements 

from four simulation runs using different random seeds are shown separately in the plot

......................................................................................................................................... 102 

Figure 4.11: Residence time measurements of NPs following their adsorption on to the 

phospholipid head groups of the hairy vesicle composed of short tethers and tethers of 

hairy vesicles composed of long tethers for (a) 4, (b) 8 and (c) 12 NPs. The simulations 

have been run for a total time of 10,000τ and each data point has been averaged over four 

simulation runs using different random seeds ................................................................ 103 



xxii 

 

Figure 4.12: Images of the (a) neutral lipid molecule, (b) zwitterionic phospholipid 

molecule such as DPPC, and (c) spherical NP with a negatively charged patch. NP has a 

radius of 2.25rc ................................................................................................................ 106 

Figure 4.13: (a) Initial configuration of binary component vesicle composed of 

zwitterionic phospholipids (33%) and neutral lipid molecules (67%), and 24 NPs with 

negatively charged patches randomly placed outside the vesicle surface, (b) binary 

component vesicle with 24 NPs adsorbed onto the phospholipid head groups at t = 

100,000τ .......................................................................................................................... 108 

Figure 4.14: Plot of the number of interactions between the negatively charged NP patch 

and positively charged phospholipid head groups as a function of time for 24 NPs 

interacting with binary vesicle composed of zwitterionic phospholipids (33%) and neutral 

lipid molecules (67%). The simulations have been run for a total time of 100,000τ. The 

interaction count has been averaged over four simulation runs using different random 

seeds ................................................................................................................................ 109 

Figure 4.15: Residence time measurements of 24 NPs after their adsorption on to the 

phospholipid head groups of binary component vesicle composed of zwitterionic 

phospholipids and neutral lipid molecules ...................................................................... 110 

Figure 4.16: (a) Initial configuration of zwitterionic phospholipid molecules within the 

interaction range of NPs before their adsorption. (b) Formation of small domains 

composed of zwitterionic phospholipid molecules upon adsorption of NPs on to the 

vesicle surface. (c) Plot of the number of interactions between phospholipid head groups 

as a function of time during the adsorption of NPs on to the vesicle surface ................. 111 

 

 



1 

 

 

Chapter 1 

Introduction and Objectives 

Biological cell membranes are dynamic, responsive multi-component soft 

materials which separate and protect the cellular contents from the external environment, 

and participate in vital functions, such as intracellular and extracellular traffic, sensing 

and cell signaling.
1-4

 These membranes are composed of a variety of amphiphatic 

molecules which can self-organize to modulate the membrane tension and thereby, its 

mechanical properties to facilitate various physiological processes, or promote binding or 

catalytic events at the membrane interface.
2,3,5

 Earlier studies
2
 have shown phospholipid 

molecules to be the primary component of cell membranes; these amphiphilic entities 

have a hydrophilic head group and two hydrocarbon tail chains. The head and tail groups 

of the phospholipid species can have distinct chemistries which endows a characteristic 

molecular geometry
6,7

 and transition temperature
8-10

, and drives the self-organization of 

the various species into domains or rafts.
4,11-24

 The active nature of the cell membranes 

allows it to modulate its tension via the reorganization of its molecular constituents, 

thereby facilitating a multitude of cellular functionalities such as interfacial binding,
2,25

 

fusion, budding and vesiculation events.
26,27

 For example, cells can maintain their 

mechanical properties under a range of thermal conditions by adjusting the molecular 

composition of their membrane.
28,29 

Investigations have shown domain and raft formation 

in cell membranes to be critical for interfacial binding events on the cell surface,
30,31

 

responsible for promoting intra- and extracellular communication. A fundamental 

understanding of the physico-chemical mechanisms driving the formation of domains and 
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rafts in membranes will enhance the development of novel therapeutic approaches 

targeting these processes.  

In addition to the organization of the molecular species in the membrane, their 

stiffness is also critical for the physiological functions of the cell membranes as well as 

the design of lipid based drug delivery vehicles. The stiffness of the hydrocarbon tails of 

lipid molecules is dependent upon their length and saturation.
32-34

 Lipid molecules with 

shorter hydrocarbon tails have lower stiffness and viscosity as they are more susceptible 

to changes in kinetic energy.
32-34

 Unsaturated lipid molecules are unable to pack as tightly 

as saturated lipid molecules due to the kinks in their hydrocarbon tails, and are therefore 

more susceptible to changes in kinetic energy. The stiffness of the lipid molecules is 

known to affect the stability and bending rigidity of the lipid bilayers.
33,35 

It has also 

effects on the dynamical properties of the membranes such as mechanical rupture 

strength and water permeability.
33,36

 The living cell membranes must be strong enough to 

regulate the permeation of the small molecules across the cell and also flexible enough to 

allow them move and change shape easily.
32 

For example, the red blood cells are able to 

flow through the capillaries whose diameter is three times smaller than that of the red 

blood cells.
32

 Similarly, the drug loading capability and circulation time of the drug 

delivery vehicles in the blood stream depend on the elasticity of the membranes.
32,37

  

The shape of the drug delivery vehicles play important role in determining their 

behavior in the living systems. The shape is considered to be one of the most effective 

factors influencing the circulation time and biodistribution profile of the drug delivery 

vehicles. For example, it has been shown that filamentous worm-like micelles 

(filomicelles) have longer circulation times than the spherical micelles due to their 
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improved transport and trafficking characteristics.
38

 There are also attempts to design 

deformable particles which are similar in their size and shape to the red blood cells so 

that they will have longer circulation time and improved biodistribution profile.
37

 The 

improved delivery characteristics mentioned in these examples are also considered to be 

affected by the elastic modulus of the vehicles.
37,38 

The molecular stiffness of the species 

can affect the local curvature of the lipid aggregates via controlling the packing of the 

molecules in the bilayer. Dobereiner et al.
39 

demonstrated that vesicles composed of two 

lipid species which have different hydrocarbon tail lengths adopt more elongated shape 

upon an increase in the temperature. In this case, lipid molecules with shorter 

hydrocarbon tails will be more susceptible to changes in temperature, and thus have 

lower chain stiffness. Nieh et al.
40

 studied ellipsoidal unilamellar vesicles composed of 

ternary lipid mixtures, and speculated that the ellipsoidal morphology might be a result of 

the lateral heterogeneities due to the presence of saturated and unsaturated lipid species 

with different hydrocarbon chain lengths. Another study by Sandstrom et al.
41

 

demonstrated a mixture of phospholipids and PEGylated lipids with different 

hydrocarbon chain melting temperatures to form cylindrical micellar structures at high 

temperatures, which transform to circular discoidal structures upon decreasing the 

temperature. They also reported long threadlike micelles to transform into more circular 

shapes with the addition of molecular components that increase the chain order of the 

lipids in the bilayer, such as cholesterol. These findings show that the chain stiffness of 

molecules in the bilayer has an impact on the resulting shapes of the aggregates. 

 The carbohydrate chains on the surface of cell membranes can inspire the design 

of biocompatible therapeutic targeted delivery vehicles with longer circulation times via 
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the use of end-functionalized phospholipids.
42-46

 Earlier investigations
42-46

 have 

demonstrated liposomes composed of end-functionalized lipids to have extended 

circulation due to enhanced stability promoted by its steric hindrance. Sterically stable 

biocompatible materials can be designed so as to completely eliminate or significantly 

reduce the interactions with untargeted cells and adsorption of proteins onto their surface. 

A common route to designing sterically stable liposomes is via the grafting of Poly 

ethylene glycol (PEG) chains to the lipid head groups
47-49

 PEG chains have been shown 

to control the size,
49-51

 morphology,
41,51,52

 compressibility,
50,53,54

 encapsulation 

efficiency
49,55,56

 and permeability of liposomes.
49,55

 The shape of the sterically stabilized 

lipid aggregates can be influenced by the spatial distribution of curvature-inducing 

functional groups present in the bilayer.
57-59

 

 In addition to intrinsic factors such as molecular interactions, architecture and 

composition, extrinsic factors such as the volume of the confinement can be also used for 

controlling the shape of aggregate structures.
35,60

 Earlier studies have shown the size and 

geometry of the confining region to control the morphology of self-assembled materials 

on account of the increased local concentration, configurational frustration of the 

molecules and interactions with the confining surfaces.
61,62

 The dimensions, geometry 

and surface selectivity of the confining environment have been found to strongly affect 

the self-assembled morphologies of block copolymers.
61,63-67

 On the other hand, the role 

of the relative concentration of the molecular species, their molecular geometry and the 

height of a slit-like confining volume on the structure and morphology of the lipid 

aggregates is still not well understood. Confinement induced microfluidic self-assembly 

can be used to produce lipid-polymeric nanoparticles for drug encapsulation or lipid-



5 

 

 

quantum dot nanoparticles for imaging purposes. This technique is advantageous 

compared to the conventional methods for the synthesis of multicomponent nanoparticles 

since there are no additional steps like heating, vortexing and long incubation times and 

the reproducibility of the particle size distribution is much higher by using microfluidic 

directed self-assembly.
68

 The impact of confinement can also be used to study shape 

transformations of red blood cells due to entropic contributions.
69 

The aim of this work to understand the underlying mechanisms that affect the 

organization, shape, stiffness and interfacial stability of biomaterials for various 

applications such as the design and prediction of novel hybrid soft materials for 

encapsulation and delivery of therapeutic agents, cellular sensing and sustainability by 

using modeling techniques which enable a multiscale resolution of the system behavior 

over large length (from 1 nm up to 1 µm) and time scales (nano-seconds to micro-

seconds).  

All-atom simulations of lipid bilayers that resolve the dynamics of the lipid and 

water molecules are computationally expensive and limit the investigation to small 

spatio-temporal scales.
70-76

 These tools are not suitable for addressing phenomena 

occurring on the mesoscale, such as membrane fusion and rupture, and domain formation 

in the multicomponent membranes.
77

 Dynamics spanning large length and time scales can 

be resolved via coarse-graining
3,35,60,78-96

, implicit solvent approaches
70,71,77,79-81,97-100

 or 

mean field theoretical approaches.
101-109

 Numerical studies have adopted implicit solvent 

models to investigate phase segregation dynamics via Monte Carlo
110

 and coarse-grained 

Molecular Dynamics (MD)
23

 techniques. Other studies have used a MD-based approach 

entitled Dissipative Particle Dynamics (DPD),
1,3,4,14,15,35,60,82-86,111-116

 which 
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simultaneously resolves both the molecular and continuum scales, and reproduces the 

hydrodynamic behavior, to examine phase segregation in multi-component lipid 

vesicles.
4,14,15,111,112,117,118

 Continuum approaches
17,18,119

 have also been used to 

investigate the phase separation dynamics in mixed membranes. In this dissertation, two 

different coarse-grained MD based simulation methods will be used. One of them is DPD 

method which is capable of capturing the hydrodynamic effects and the other one is the 

coarse-grained implicit solvent MD which does not have any solvent molecules but it is 

capable of capturing larger length and time scales due to the fact that most of the time in 

explicit-solvent simulations has been spent on the solvent molecules. The coarse-grained 

implicit solvent MD enables studying the system sizes of around ~ 1 micron and time 

scales of around ~1 – 10 microseconds.  

This dissertation is composed of 3 chapters which focus on understanding the 

factors affecting the organization, stiffness, shape and stability of the multicomponent 

lipid based systems and the underlying mechanisms of the interactions between 

biological particles or synthetic particles with them. The specific objectives of each 

chapter are described as follow: 

Chapter 2 - Designing Bio-Inspired Multi-component Vesicles via Dissipative 

Particle Dynamics and Implicit Solvent Molecular Dynamics Simulation Methods:   

Investigating the role of chemical dissimilarity in the head and tail groups of the lipid 

species on the phase segregation and structural properties of binary vesicles by using 

DPD method. Identifying the effect of the molecular stiffness on the phase segregation 

process and the vesicle shape. Obtaining the relation between the phase segregation and 
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thermodynamic variables such as interfacial line tension and surface tension, and 

correspondence between existing theory and experiments, and the simulation results. 

 Investigation of the self-assembly of single and binary component vesicles 

composed of two-tail phospholipid molecules, and the phase segregation in a binary 

vesicle by using implicit solvent coarse-grained molecular dynamics technique. 

Demonstrating the formation of fluid lipid bilayer in the absence of solvent by using 

broad attractive potentials between the hydrocarbon tail beads. The measurement of the 

scaling exponents for the coarsening dynamics in a binary system and comparison of the 

results with previous theoretical and simulation studies. Characterization of the physical 

properties of binary vesicles such as area per lipid and bilayer thickness as a function of 

temperature and degree of dissimilarity between the tail groups of two lipid species. 

Chapter 3 - The Design of Shape-Tunable Hairy Vesicles: Demonstrating the 

formation of sterically stable biocompatible vehicles aka ‘hairy vesicles’ via self-

assembly of phospholipids and pegylated lipid molecules by using DPD simulation 

method. Determination of the growth dynamics and size distribution of hairy vesicles 

during self-assembly process. Determination of the optimum distribution of hairy lipids 

in the self-assembled vesicles. Identifying the factors such as phase separation, molecular 

stiffness and relative concentration of the species, and hair length that can control the 

shape of the vesicles. 

Demonstrating the formation of self-assembled hairy vesicles under volumetric 

confinement and investigating the effect of confinement on the shape changes and 

aggregation dynamics of hybrid aggregates at different relative concentrations of the 

hairy lipids and hair lengths. 
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Chapter 4 - Modeling Interactions between Patchy Nanoparticles and Multi-

component Nanostructured Soft Biomaterials: Investigating the effects of the relative 

size of the NPs to the hair length, and the relative concentration of the hairy lipids on 

adsorption behavior of nanoparticles on to the surface of hairy vesicles. Identifying the 

effects of the relative affinity of the nanoparticles for the tethers and phospholipid head 

groups on their adsorption behavior. Determination of the diffusive behavior of 

nanoparticles on the surface of hairy vesicle.  

Implementation of long range screened electrostatic interactions in the implicit 

solvent model developed for two-tail phospholipid molecules as demonstrated in Chapter 

2. Application of this model on studying the interactions between charged nanoparticles 

and multicomponent vesicles. Investigating the effects of nanoparticle adsorption on the 

reorganization of molecular species in the vesicle bilayer.  

Chapter 2 

Designing Bio-Inspired Multi-component Vesicles via Dissipative 

Particle Dynamics and Implicit Solvent Molecular Dynamics 

Simulation Methods 

The publications relevant to details of the discussions provided in this section: 

 Aydin, F., Ludford, P., Dutt, M., 2014, Phase segregation in bio-inspired multi-

component vesicles encompassing double tail phospholipid species. Soft Matter 

10 (32), 6096-6108. 
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 Aydin, F., Dutt, M., 2014, Bioinspired Vesicles Encompassing Two-Tail 

Phospholipids: Self-Assembly and Phase Segregation via Implicit Solvent Coarse-

Grained Molecular Dynamics. J. Phys. Chem. B 118 (29), 8614-8623. 

Contributions to this work: 

 Implementing modified potentials for the implicit solvent CG MD model into the 

open source code called Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS).  

 Running the simulations 

 Writing the computer programs which are used to characterize the system 

 Performing the analysis and visualization of the system 

 Writing the manuscript 

2.1 General overview on coarsening dynamics in multi-component 

bilayers 

Phospholipid molecules are the primary component of cell membranes and they 

are composed of a hydrophilic head group and two hydrocarbon tail chains which can 

have distinct chemistries. This will give phospholipid molecules a characteristic 

molecular geometry
6,7

 and transition temperature
8-10

, and result in the formation of 

domains or rafts via self-organization of various molecular species.
4,11-24 

Earlier 

experimental investigations have demonstrated phase segregation in two-component 

phospholipid membranes
120,121

 and vesicles.
122

 These investigations were performed 

using lipid species with dissimilar polar head groups (and identical hydrocarbon tail 

groups), or identical polar head groups (and hydrocarbon tail groups of different 
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lengths).
123-126

 Macroscopic sized domains have been also shown to form in ternary 

mixtures composed of a lipid with low melting temperature, a lipid with high melting 

temperature and cholesterol.
11,16,127,128

 The relative concentrations of the lipids and the 

temperature determine the area fraction of each phase. For temperatures corresponding to 

a two-phase region: the early stages of the coarsening dynamics is accompanied by the 

nucleation of small domains due to the lateral diffusion and collision between the lipid 

molecules followed by their coalescence, or the Ostwald ripening mechanism.
16 

At latter 

times, the growth of the domains occurs via their diffusion, collision and coalescence, 

with the kinetics determined by the membrane and the bulk fluid.
16,119

 
 

 The existing particle-based numerical studies on the coarsening dynamics in 

multi-component bilayers have modeled the lipid molecules with a single hydrocarbon 

chain.
4,14,15,23,111

 Investigations on binary vesicles composed of two-tail lipids of different 

chain length have explored the effect of the relative concentration of one of the lipid 

species on the mechanical properties of the vesicles.
112

 This work focuses on a bilayer 

vesicle composed of two types of phospholipid molecules (each species has two 

hydrocarbon tails) which are the major component of biological cell membranes. Studies 

on multi-component vesicles have identified four key length scales which determine the 

phase segregation process: the hydrodynamic diameter, the domain size, the correlation 

length for domains in the vicinity of a critical miscibility limit and the vesicle diameter.
16

 

Numerical studies of coarsening dynamics in multi-component bilayers must be able to 

resolve the relevant spatio-temporal scale to capture all stages of the phase segregation 

process. This work considers these key length scales by adopting a mesoscopic particle-

based computational approaches entitled Dissipative Particle Dynamics (DPD) and 
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implicit solvent coarse-grained MD, which can simultaneously resolve both the 

molecular and continuum scales. 

2.2 Dissipative Particle Dynamics (DPD) 

2.2.1 Technical background 

DPD is a mesoscopic MD-based simulation technique that uses soft-sphere 

coarse-grained (CG) models to capture both the molecular details of the system 

components and their supramolecular organization while simultaneously resolving the 

hydrodynamics of the system over extended time scales.
35,60,82,83,113,129

 The dynamics of 

the soft spheres in the DPD technique is captured through integrating Newton’s equation 

of motion via the use of similar numerical integrators used in other deterministic particle-

based simulation methods.
113,130

 The force acting on a soft sphere i due to its interactions 

with a neighboring soft sphere j (j  i) has three components: a conservative force, a 

dissipative force and a random force, which operate within a certain cut-off distance rc 

from the reference particle i. These forces are pairwise additive and yield the total force 

acting of particle i, which is given by 





ij

ijrijdijci ,,, FFFF         (2.1) 

The soft spheres interact via a soft-repulsive force  

                                   ij
c

ij
ijijc r

r
a rF ˆ)1(,       (for rij < rc)                                            (2.2) 

0, ijcF      (for rij  rc)             (2.3) 

a dissipative force  

          
 ijijijij

d

ijd r rvrF ˆ)ˆ)((,                (2.4) 

and a random force  
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r

ijr r rF ˆ)(,          (2.5) 

where 

   22 )1()]([)( rrwr rd       )1(for r       (2.6) 

     0)]([)( 2  rwr rd       )1(for r         (2.7)        

                                                      TkB 22             (2.8) 

aij is the maximum repulsion between spheres i and j, vij = vi – vj is the relative velocity of 

the two spheres, rij = ri – rj, rij = |ri – rj|, 



ˆ r ij  = rij/rij, r = rij/rc, γ is viscosity related 

parameter used in the simulations,  is the noise amplitude, ij(t) is a randomly 

fluctuating variable from Gaussian statistics, 
d
 and 

r
 are the separation dependent 

weight functions which become zero at distances greater than or equal to the cutoff 

distance rc. Each force conserves linear and angular momentum. Since the local 

momentum is conserved by all of these three forces, even the small systems exhibit 

hydrodynamic behavior.
113

 The constraints imposed on the random and dissipative forces 

by certain relations ensure that the statistical mechanics of the system conforms to the 

canonical ensemble.
113,130

 The relation between the pair repulsion parameter aij and the 

Flory interaction parameter  for a bead number density  = 3rc
-3

 is given by
113 

))(002.0286.0( iiij aa         (2.9) 

2.2.2 Modeling and parameterization of system components 

The individual lipid molecules are represented by bead-spring models, and are 

modeled by a head group comprised of three hydrophilic beads and two hydrocarbon tails 

represented by three hydrophobic beads each, as shown in Figure 2.1 (a). Two 
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consecutive beads in a chain are connected via a bond that is described by the harmonic 

spring potential 

       2)/)(( cbondbond rbrKE        (2.10) 

where bondK  is the bond constant and b  is the equilibrium bond length. The constants, 

bondK and b are assigned to the values of 64ε and 0.5rc, respectively.
35,60,82,83,86,129

 The 

three-body stiffness potential along the lipid tails has the form 

        )cos1(  angleangle KE      (2.11) 

where   is the angle formed by three adjacent beads. The coefficient angleK  is set to be 

20ε in our simulations. This stiffness term increases the stability and bending rigidity of 

the bilayers.
35

  

 
Figure 2.1: (a) The amphiphilic lipid molecules, (b) completely mixed binary component 

lipid vesicle at t = 10,000τ. 

 

 

The dissimilarity in the amphiphilic lipid species can arise due to differences in 

the chemistry of the head or tail groups, which can be modeled effectively through a soft 
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repulsive interaction parameter aij. Differences in the tail groups can also arise due to 

molecular chain stiffness that is captured in our model by suitably tuning the hydrophobic 

tail stiffness parameter Kangle. 

The soft repulsive pair potential parameters for the lipid molecule head and tail 

beads were selected to capture its amphiphilic nature. The interaction parameters between 

the like components, 
ija , are based on the property of water.

113
 The repulsion parameter 

between two beads of the same type is set at 25iia  (measured in units of 
c

B

r
Tk

) which 

is based upon the compressibility of water at room temperature
113

 for a bead density of 

33  cr . The soft repulsive interaction parameter aij between hydrophobic and 

hydrophilic beads is set at 
c

b
ij r

Tk
a 100 , and is determined by using the Flory-Huggins 

interaction parameters, , as
113

  

            496.3 iiij aa      (for 33  cr )     (2.12) 

The soft repulsive interaction parameters between the head (h), tail (t) beads of 

lipid types 1 and 2, and the solvent (s) beads are assigned the following values (in units of 

c

B

r
Tk

): ass = 25, ah1h1 = 25, at1t1 = 25, ah2h2 = 25, at2t2 = 25, ah1t1 = 100, ah1s = 25, at1s = 

100, ah2t2 = 100, ah2s = 25, at2s = 100, ah1t2 = 100 and ah2t1 = 100. The values of the inter-

lipid species head-head ah1h2 and tail-tail at1t2 soft repulsive interaction parameters will 

span values ranging from 26 to 50, to mimic mixtures of lipid species with different head 

or tail group properties. The soft repulsive interaction parameters are summarized in 

Table 2.1. These parameters are selected to model the effective distinct chemistry of the 

molecular species, thereby capturing the differences in the melting temperature of the 
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individual species.
4,14,15,23,111,112,131-133

 This approach enables us to develop a simple 

representation of mixtures composed of lipids with two hydrocarbon tails. 

In our simulations, the respective characteristic length scale and energy scale are 

rc and kBT. As a result, our characteristic time scale can be described as 

      Tkmr Bc /
2

                                                 (2.13) 

Finally, σ = 3 and Δt = 0.02τ are used in the simulations along with the total bead number 

density of ρ = 3rc
-3

 and a dimensionless value of rc = 1.
86

 The mass of all the beads is set 

to unity.
1,3,35,60,82,83,86,88,89,112,113,129 

Aij (kbT/rc) Head 1 Tail 1 Head 2 Tail 2 Solvent 

Head 1 25 100 — 100 25 

Tail 1 100 25 100 — 100 

Head 2 — 100 25 100 25 

Tail 2 100 — 100 25 100 

Solvent  25 100 25 100 25 
Table 2.1:   The soft repulsive interaction parameters, aij between head, tail beads of 

lipid type 1 and 2 and the solvent beads. The boxes with “—“ represent the interaction 

parameters that can be varied for the mixture of lipids with different chemical properties. 

 

 We used a constant volume simulation box of dimensions 40x40x40 rc
3
 with the 

periodic boundary conditions in all three directions. In our simulations, we have 1178 

lipid molecules, or 5.6% bead concentration of amphiphilic species, with 10602 head and 

tail beads. The total number of beads in the system (including solvent molecules) is 

192,000.  

2.2.3 Length, time and energy scales of the system 

We draw a correspondence between our model and physical systems via the 

experimental properties of biological lipid bilayers. We obtain the characteristic length 

scale for our model through the comparison of experimental measurements of the 
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interfacial area per lipid of a DPPC bilayer with similar measurements from our 

simulations. Experimental measurements of the area per lipid of DPPC bilayers were 

found to be 64 A
2 

at 50 
o
C.

134
 To compute the average area per lipid, the vesicle is 

divided into 128 rectangular patches with an average area of 10.5 rc
2
 so that each patch 

can be treated as a bilayer membrane. The average area per lipid for the vesicle bilayer is 

computed by summing the areas of all the patches, and averaging over the total number 

of lipid molecules in all the patches. Using the value for the area per lipid (1.12 rc
2
) 

computed for a stable self-assembled single component lipid vesicle, the length scale for 

our model is rc = 0.76 nm.  

 The time scale τ was calculated to be 6.0 ns by comparing the experimental 

measurement of the diffusion coefficient of dipalmitoylphosphatidylcholine (DPPC) 

bilayer, which is given by 5x10
-12

 m
2
/s,

86
 with that obtained from the simulations. The 

diffusion coefficient of the lipid molecule in the simulations can be found by tracking the 

mean squared displacements of 10 lipid molecules in a vesicle bilayer. We use the 

relation 

 



 r2(t)

t
 2dD                    (2.14) 

to relate the diffusion coefficient D to the mean square displacement of a particle in a 

time interval t.
135

 The variable d is the dimensionality of the system that is given to be 3 

for our system. We calculate the diffusion coefficient D to be 0.052 rc
2 

/ τ, using the slope 

of the time evolution of the mean square displacement. Using a temperature of 50 
o
C, the 

energy scale is calculated to be ε = kBT = 4.5x10
-21

 J. 

2.3 Results and discussion (DPD) 

2.3.1 Formation of multi-component vesicles 
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We begin by verifying the suitability of the soft repulsive interaction parameters 

for generating stable binary lipid vesicles. Via self-assembly of amphiphilic 

phospholipids in a hydrophilic solvent, we generate a binary lipid vesicle.
84

 Two types of 

amphiphilic lipid molecules and hydrophilic solvent beads are randomly dispersed in a 30 

rc x 30 rc x 30 rc simulation box composed of 5.6 % bead concentration of amphiphilic 

species, or 504 lipid molecules.
60,90

 To enable the formation of a stable mixed vesicle, the 

pair interaction potentials are tuned to effectively treat both types of lipid molecules as a 

single specie. The unfavorable enthalpic interactions between the hydrophilic and 

hydrophobic components drives the system to minimize its free energy through the self-

assembly of the lipid molecules to form a lipid bilayer vesicle.
84

  

 We use a stable pre-assembled mixed vesicle composed of two chemically 

dissimilar amphiphilic lipid molecules in a 40 rc x 40 rc x 40 rc simulation box composed 

of 1178 lipid molecules with 589 molecules of specie 1 and the remaining 589 molecules 

belonging to specie 2. An analogous protocol detailed earlier is adopted to generate a 

mixed binary vesicle by treating both the lipid types as a single specie, as shown in 

Figure 2.1 (b).  

2.3.2 Coarsening-dynamics in multi-component vesicles 

We investigate the self-organization of the lipid species for values of the head-

head and tail-tail interaction parameters, respectively ah1h2 and at1t2, ranging from 26 to 

50 for a time interval of 10000 . The coarsening dynamics for bilayers composed of 

lipid species with chemically distinct head groups (and identical tail groups, for example 

1-Palmitoyl-2-oleoylphosphatidylcholine and 1-Palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine) is shown in Figure 2.2. The interfacial tension arising from the 
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unfavorable enthalpic interactions between the distinct head groups drives chemically 

identical lipids to organize into small domains or clusters, via their diffusion and collision 

in the vesicle bilayer. Therefore, the self-organization among the lipid species is limited 

by the lateral diffusion of the different lipid species. Our calculations show the 

unfavorable enthalpic interactions between the head groups of the distinct lipid species to 

be small compared to the favorable enthalpic interactions between the hydrocarbon tail 

groups.  

 For bilayers composed of lipid species with dissimilar tail groups (and identical 

head groups, for example 1,2-distearoyl-sn-glycero-3-phosphocholine and 1,2-

Dipalmitoyl-sn-glycero-3-phosphocholine), the highly unfavorable enthalpic interactions 

between the hydrocarbon groups results in a large interfacial energy. The system 

minimizes its free energy via the interfacial energy through the self-organization of the 

two molecular species into small domains in the bilayer, mediated by the diffusion and 

collision of the lipid molecules. For sufficiently high interfacial tension between the 

distinct lipid species, as the domains grow in the system the coarsening dynamics 

progresses through the diffusion and collision of the domains, or the evaporation-

condensation mechanism. In the latter, individual lipid molecules are observed to 

evaporate from the boundaries of small domains and condense into the larger 

domains.
4,14,15,22,128

 We observe these processes for binary vesicles comprising of lipid 

species with greater dissimilarity between the tail groups.  

The coarsening dynamics of the binary vesicles is determined by the degree of 

dissimilarity that is effectively captured by the soft repulsive interaction parameters ah1h2, 

at1t2, as shown in Figure 2.2 (a) – (c) and Figure 2.3 (a) – (c). We have selected the range 
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for the parameters ah1h2, and at1t2 to induce phase segregation of the lipid species while 

avoiding budding and vesiculation processes on the vesicle bilayer.
15

 All the results have 

been averaged using particle trajectories from four simulations that begin from the same 

initial conditions but have different random seeds.  

The coarsening dynamics in a two-component lipid bilayer is characterized by measuring 

the number of clusters or domains composed of a given lipid specie, as a function of time 

(beginning from the mixed state, as shown in Figure 2.1 (b)). A cluster is defined to be 

composed of lipids from a given species whose head group beads are within interaction 

range from each other. This definition of a cluster enables us to distinguish between the 

clusters formed in the two monolayers. The lipid molecules in the inner monolayer are 

more closely packed as the inner monolayer occupies a spherical shell of smaller volume 

than the outer monolayer.
136

 The difference in the occupied volumes is reflected in the 

asymmetry in the number of clusters in the two monolayers, as we observe fewer clusters 

in the inner monolayer. Our measurements of the time evolution of the cluster count 

show the cluster growth to be influenced by the degree of dissimilarity between the lipid 

species, as shown in Figures 2.2 (d) and 2.3 (d). We observe the interfacial tension to 

increase with the dissimilarity between the lipid species, thereby inducing the phase 

segregation process to minimize the interfacial tension by forming fewer clusters of a 

given lipid species. Given the higher number of tail beads per lipid molecule, the 

interfacial tension for systems containing lipid molecules with distinct hydrocarbon tail 

groups is greater than those with different head groups. Hence, for identical values of the 

soft repulsion parameters ah1h2 and at1t2, we report fewer clusters for lipid mixtures with 

distinct tail groups.
131,137
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Figure 2.2: Snapshots from the final configurations of the binary component lipid vesicle 

at t = 5,000τ for different soft repulsive interaction parameters between the head groups 

of the two lipid species (a) ah1-h2 = 26, (b) ah1-h2 = 42, (c) ah1-h2 = 50. All the simulations 

start from the completely mixed state. (d) A plot of the time evolution of the total number 

of clusters of one type of lipid after a single stable vesicle has formed for the head-head 

soft repulsive interaction parameters of ah1-h2 = 26, 34, 42, and 50. (e) A plot of the time 

evolution for the average cluster size of one type of lipid after a single stable vesicle has 

formed for the head-head soft repulsive interaction parameters of ah1-h2 = 26, 34, 42, and 

50. The simulations have been run for a total time of 10,000τ from the mixed state and 

each data point has been averaged over four simulation runs using different random 

seeds. 



21 

 

 

 

 

 

Figure 2.3: Snapshots from the final configurations of the binary component lipid vesicle 

at t = 5,000τ for different soft repulsive interaction parameters between the tail groups of 

the two lipid species (a) at1-t2 = 26, (b) at1-t2 = 29, (c) at1-t2 = 31. All the simulations start 

from the completely mixed state. (d) A plot of the time evolution of the total number of 

clusters of one type of lipid after a single stable vesicle has formed for the tail-tail soft 

repulsive interaction parameters of at1-t2 = 26, 27, 28, 29, 30, 31, 32, 41, and 50. (e) A 

plot of the time evolution for the average cluster size of one type of lipid after a single 

stable vesicle has formed for the tail-tail soft repulsive interaction parameters of at1-t2 = 

26, 27, 28, 29, 30, 31, 32, 41, and 50. The simulations have been run for a total time of 

10,000τ from the mixed state and each data point has been averaged over four simulation 

runs using different random seeds. 
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For sufficiently low interfacial tensions, the thermal fluctuations of the bilayer can 

dominate the energetically favorable interactions between the like lipid species to cause 

fragmentation of the clusters. Variations in the cluster count are observed to occur due to 

the high mobility of the lipid molecules between two successive time steps. Figure 2.4 

demonstrates the rapid changes in the positions of the lipid head beads for four 

consecutive time steps. Therefore, the coalescence or fragmentation of clusters can be 

induced by factors such as thermal fluctuations of the bilayer and lipid mobility. 

 

Figure 2.4: The distribution of the head beads in the two-component system as a function 

of four consecutive time steps. The exact same region of the vesicle is shown in all the 

snapshots. 

 

For temperature dependent phase segregation in multicomponent bilayers, 

studies
13,128,128

 have shown the coarsening dynamics to be determined by the 

characteristic correlation length of the fluctuations of the domain boundaries and the 

hydrodynamic radius, for temperatures below the critical demixing value.   

The coarsening dynamics process can be also characterized through the time 

evolution of the average size of the clusters, as shown in Figures 2.2 (e) and 2.3 (e). The 

size of a cluster is defined as the total number of molecules of a given lipid species that 

comprises a cluster. Higher values of the line tension between the dissimilar components 
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are expected to result in the rapid formation of fewer but larger-sized clusters. We find 

the measurements to support our expectations and report the trends in the time evolution 

of the average cluster size to be inverse to those for the number of clusters.
16,138,139 

We 

have summarized our observed trends of the aggregate size as a function of the 

distinction between the head and the tail groups in Figure 2.5. 

The error bars are calculated based on the standard deviation of the results over 

four different random seeds. Large error bars are found for the higher values of the soft 

repulsive interaction parameters between the tail beads of the two lipid species (see 

Figure 2.3 (e)). A plausible explanation for the large error bars is the presence of very 

few clusters (corresponding to the very large average cluster sizes) at the high soft 

repulsive interaction parameters of the tail beads. For example, when we use very high 

soft repulsive interaction parameter such as at1t2 = 50, we observe a highly segregated 

vesicle which has, on the average, two to four clusters of a specific lipid type. Our 

measurements for the number of clusters, average cluster size and the corresponding 

standard deviations are computed using smaller number of samples. 

The time evolution of the coarsening dynamics can be used to compute the 

scaling exponent of the clustering process by using the following relation 

  N(t) ~ C t
-α 

                 (2.15) 

where N(t) is the number of clusters, C is a constant, t is time, and α is the scaling 

exponent. Similarly, the growth in the average size of a cluster can be characterized by 

using the following relation 

            < S(t) > ~ D t

     
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Figure 2.5: A plot of the aggregate size as a function of the soft repulsion interaction 

parameters between (a) the head groups (ah1h2) and (b) the tail groups (at1t2). The 

simulations have been run for a total time of 10,000τ from the mixed state and each data 

point has been averaged over four simulation runs using different random seeds. 

 

where < S(t) > is the average size of the clusters, D is a constant, t is time, and  is the 

scaling exponent. Table 2.2 provides the scaling exponents and  for the values of the 

soft repulsive interaction parameters at1t2 which result in macroscopic phase segregation.  
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Table 2.2: Table of the scaling exponents α (obtained from the measurements of number 

of clusters) and β (obtained from the measurements of the average cluster size) for 

different soft repulsive interaction parameters of the tail groups of the two lipid species, 

at1-t2 = 31, 32, 41, and 50. The simulations used to obtain the scaling exponents have 

been run for a total time of 10,000τ and averaged over four different random seeds. 

 

The cluster number and the average cluster size scaling exponents demonstrate inverse 

trends with increasing dissimilarity of the lipid species. The average cluster size 

measurements can be used to calculate the time evolution of the average area of the 

clusters < A(t) > through the average area per lipid alipid, corresponding to a given soft 

repulsion interaction parameter (as shown Table 2.3). The average area of the clusters 

A(t) can be demonstrated to have a similar scaling behavior as the average cluster size 

using the following approximations  

< A(t) >  alipid < S(t) > ~ alipid D t
 t


  

If we assume the clusters to be a circle with an average radius R(t), then  

      < A(t) >R(t)
2
       (2.18) 

and 

  at1-t2 

(kbT/rc) 

       α        β 

31 -0.57 0.61 

32 -0.54 0.55 

41 -0.51 0.56 

50 -0.53 0.52 
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Table 2.3: The bilayer thickness and area per lipid of the binary component vesicle as a 

function of different soft repulsive interaction parameters between the tail groups of the 

two lipid species, at1-t2 = 31, 32, 41, and 50. The simulations have been run for a total 

time of 10,000 τ and each data point has been averaged over four simulation runs using 

different random seeds. 

 

 

              R(t)  t

    

If the total interface length L(t) of the clusters is given by  

    N(t) 2  R(t)      (2.20) 

and the Atotal is the total area occupied by the clusters of a given species, the following 

relation can be obtained:
 4,14

   

   R(t)  Atotal/L(t)      (2.21)  

Our measurements of the scaling exponents, as detailed in Table 2.2, are in agreement 

with earlier numerical and experimental results
4,14-17,22

 showing N(t)  t
-2/3

, L(t)  t
-1/3 

and 

R(t)  t
1/3

. A growth exponent for the average radius of 1/3 is usually attributed to the 

evaporation-condensation effect.
4,14,16,140

 Our simulations have also demonstrated the 

domain dynamics at the latter stages to be determined by the diffusion and collisions of 

the clusters. We have provided the plots of the time evolution of the number of clusters 

and the average cluster size used to compute the scaling exponents in Figures 2.6 and 2.7. 

at1-t2 

(kbT/rc) 

Bilayer 

Thickness (σ) 

Area per lipid 

(σ
2
) 

31 6.24±0.04 1.13±0.02 

32 6.24±0.04 1.13±0.02 

41 6.25±0.05 1.16±0.03 

50 6.28±0.04 1.18±0.04 
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Figure 2.6: A plot of time scale behavior for the number of clusters used to obtain the 

scaling exponent (α) for the tail-tail soft repulsive interaction parameters of at1-t2 = 31, 

32, 41, and 50. The simulations have been run for a total time of 10,000τ from the mixed 

state and each data point has been averaged over four simulation runs using different 

random seeds. 

 

 

Figure 2.7: A plot of time scale behavior for the average cluster size used to obtain the 

scaling exponent (β) for the tail-tail soft repulsive interaction parameters of at1-t2 = 31, 

32, 41, and 50. The simulations have been run for a total time of 10,000τ from the mixed 

state and each data point has been averaged over four simulation runs using different 

random seeds. 
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2.3.3 Packing properties of multi-component vesicles 

The packing of the lipid molecules in the vesicle bilayer is found to be not very 

sensitive to differences in the head or tail groups , and can be characterized by the bilayer 

thickness and the area per lipid, as shown in Table 2.3. To calculate the bilayer thickness, 

the vesicle is divided into 128 patches so that each patch can be treated effectively as a 

bilayer membrane. The bilayer thickness is computed by measuring the distance between 

the lipid head groups in the opposing monolayers, in a given patch. These measurements 

were computed using the particle configurational data obtained from four simulations 

using identical initial conditions but different random seeds. The bilayer distance was 

measured for each patch and was averaged over all the patches, the particle 

configurational snapshots and the different random seeds. The area per lipid was 

measured using the approach detailed in Section 2.2.3. 

2.3.4 The relation between thermodynamics and coarsening-

dynamics in multicomponent vesicles 

The phase segregation on the vesicle bilayer is driven by the thermodynamics of 

the system. We draw correspondence between the degree of phase segregation and 

thermodynamic properties by measuring the interfacial line tension and surface tension of 

the lipid vesicles, for the different tail-tail interaction parameters. The measurements are 

performed on equilibrium configurations of the binary mixtures, for a range of 

dissimilarities between the tail groups of the two lipid species. The line tension of an 

interface separating two phases can be found by calculating the excess free energy per 

unit length of the contact length along the interface.
141

 We estimate the line tension λ of 

the domain boundary through the following equation
142
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λ ≡ [
1

2
 (𝑈𝐴𝐴 + 𝑈𝐵𝐵) − 𝑈𝐴𝐵] / ɭ𝑚𝑜      (2.22) 

where UAA, UBB, and UAB are the pair interaction energies between components A and B, 

and ɭmo is the lateral size of the lipid molecules. The lateral size of the lipid molecules is 

given by 1.1rc from the area per lipid calculation provided in Section 2.2.3. The results 

for the line tension measurements as a function of the soft repulsive interaction parameter 

at1-t2 are found to be consistent with our observations of the coarsening dynamics (see 

Figure 2.8), and have been averaged over all particles in the system. Our results for the 

line tension are in agreement with theoretical
127,143

 and experimental
127

 studies which 

demonstrate the interfacial line tension to increase with an order parameter which 

characterizes the degree of phase segregation. According to the theory proposed by 

Schick et al.,
143

 there are two key factors which control the phase segregation in multi-

component lipid membranes. One of the factors is the repulsive interactions between 

dissimilar lipid molecules (such as a mixture of saturated and unsaturated lipid 

molecules) which depends on the magnitude of the order parameter. The order parameter 

is used in the theory to provide a measure of the degree of order for the saturated lipid 

chains. As the order parameter increases, the repulsive interactions between the saturated 

and unsaturated lipid molecules will increase, which results in phase segregation. This 

effect is analogous to increasing the soft repulsive interaction parameter aij between the 

hydrocarbon tail groups of the dissimilar lipid species in our simulations.  
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Figure 2.8: A plot of the average line tension as a function of the tail-tail soft repulsive 

interaction parameters at1-t2 (= 26, 27, 28, 29, 30, 31, 32, 41, and 50.) The measurements 

were performed on particle trajectories starting at 10,000τ, for a total duration of 5,000τ. 

Each data point has been averaged over time. 

 

The other factor is the addition of cholesterol-like sterols which results in ordering in the 

saturated lipid chains, thereby inducing phase segregation. The second factor is not 

relevant for our investigation as we do not include sterols in our system.  

The second thermodynamic property we investigate is the surface tension of the 

binary lipid vesicle by computing the difference between the internal and external 

pressures of the bilayer.
144-146

 The relation between the surface tension and pressure 

difference across the vesicle bilayer has been shown to be given by Laplace’s law which 

requires the following equation to hold:
 146

 

     PN(ri) – PN(rj) = 
2𝛾𝑖𝑗

𝑟𝑖
        (2.23) 

where ri and rj are the distances of the centers of mass of the particles in the inner and 

outer monolayers of the vesicle from the center of the vesicle, PN(ri) and PN(rj) are the 
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normal components of the pressure in the two monolayers,  and γij is macroscopic surface 

tension. We compute the normal pressure components by measuring the stress tensor for 

each bead in the bilayer of the vesicle
87,147

 The stress tensor is given by 

∑  𝛼𝛽
 = (

∑   
𝑇 0 0

0 ∑   
𝑇 0

0 0 ∑   
𝑁

)         (2.24) 

from where the diagonal component ∑   
𝑁 is extracted for each bead and is correlated with 

its distance from center of the vesicle. The normal component of the pressure can be 

calculated by summing over the normal component of the stress tensor for each bead, and 

normalizing by the system volume. In order to calculate PN(ri) and PN(rj), we measure the 

normal pressure on the lipid head beads in the inner and outer monolayers. By using 

Laplace’s law, we compute the surface tension as a function of the soft repulsive 

interaction parameter at1t2 as shown in Figure 2.9.  

 

Figure 2.9: A plot of the surface tension as a function of the tail-tail soft repulsive 

interaction parameters at1-t2 (= 26, 27, 28, 29, 30, 31, 32, 41, and 50.) The measurements 

were performed on particle trajectories starting at 10,000τ, for a total interval of 

25,000τ. We adopt a box averaging approach to compute the errors.
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For all the values of the soft repulsive interaction parameters examined, we find the 

average inner pressure to be greater than the average outer pressure which results in a 

positive surface tension. We observe the surface tension to decrease as the soft repulsive 

interaction parameter between the tail groups of the different lipid species increases. This 

finding is consistent with the trends in the area per lipid as a function of the soft repulsive 

interaction parameter, as shown in Table 2.3. We observe the surface tension to decrease 

at higher values of at1t2  (41 kbT/rc and 50 kbT/rc) with corresponding increases in the area 

per lipid, as shown in Figure 2.9. A possible explanation for this observation could be an 

increase in the interstitial space between the two phases as a consequence of the strong 

repulsive interactions between the tail groups of the two lipid species. The repulsive 

interaction would increase the fluid flux from the inside to the outside of the vesicle, 

thereby decreasing the pressure difference, and the surface tension.  We would also like 

to note that theoretical
148

 and experimental
149

 studies have also demonstrated tension to 

increase the degree of phase segregation in lipid membranes. 

2.3.5 The relation between chain stiffness, phase separation and 

packing properties of the bilayer in multicomponent vesicles 

The role of hydrophobic tail stiffness is explored on the phase segregation of a 

two-component lipid vesicle. We began with a completely mixed binary vesicle (as 

shown in Figure 2.1 (b)) and ran the simulations for an interval 5000  using a desired 

value of the hydrophobic tail angle coefficient Kangle,1 of one of the lipid species. The 

interfacial tension arising from the differences in the tail stiffness of the molecular 

species was sufficiently small so as to prevent macroscopic phase segregation (see Figure 

2.10 (a) – (d).) However, the shape of the vesicle is observed to evolve from an 
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ellipsoidal to a spherical morphology with increasing chain stiffness of one of the lipid 

species. The vesicle stabilizes to a spherical shape for values of chain stiffness parameter 

Kangle,1 set at 10ε or higher, as shown in Figure 2.10 (d).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Snapshots from the final configurations of the binary component lipid 

vesicle at t = 5,000τ while keeping the angle coefficient of one type lipid at a constant 

value of Kangle,2 = 20 and varying the angle coefficient of other type of lipid for the values 

of (a) Kangle,1  = 0, (b) Kangle,1  = 5, (c) Kangle,1  = 10, (d) Kangle,1  = 15. All the simulations 

start from the completely mixed state. (e) The area per lipid of the binary component 

vesicle as the angle coefficient of specific type of lipid species (Kangle,1) is varied from 0 to 

40 and the angle coefficient of other type of lipid species is kept at a constant value of 

Kangle,2 = 20. The simulations have been run for a total time of 5,000 τ. 
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The effect of chain stiffness on molecular packing of the lipids in the bilayer can 

be characterized through the measurement of the area per lipid. Using a similar approach 

to that detailed in Section 2.2.3, we measure the average area per lipid for different values 

of the chain stiffness. The lipid molecules become more tightly packed as the chain 

stiffness of one of the species increases due to fewer molecular conformations sampled 

and smaller excluded volumes, for values of Kangle,1 set at 10ε or higher, as shown in 

Figure 2.10 (e). 

The effect of shape change on the surface tension is also investigated by 

measuring the surface tension of the vesicle with ellipsoidal morphology as shown on 

Figure 2.10 (a). It is found that the surface tension of the ellipsoidal-shaped vesicles 

reduces to approximately half of the surface tension for spherical-shaped vesicles. This 

result is consistent with the observation that increases in the surface tension makes the 

vesicles more spherical in shape.
144

 In addition, experimental investigations have shown 

mitotic cells to transform into a spherical shape by increasing their surface tension to 

accelerate the epithelial invagination process.
150

 

2.4 Implicit solvent coarse-grained molecular dynamics (CG MD) 

2.4.1 Technical background 

The particle dynamics can be resolved by using classical molecular dynamics 

(MD) simulations.
130,135,151

 The equation of motion for each bead i is given by 

        iii m aF         (2.25) 

where Fi is the force acting on bead i, mi is the mass and ai is the acceleration of the bead 

i. The force can be expressed as the gradient of the potential energy U by the relations 
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                Uii F        (2.26) 

with  

anglebondpair UUUU        (2.27) 

where Upair, Ubond and Uangle are the potential energies from all its pair, bond and angle 

interactions, respectively. The dynamics of each bead i can be determined by the 

following equations 

  t
m

t
mmU i

i
i

iiii






 vr
a 

2

2

      (2.28) 

and 

ii rv                                                    (2.29) 

where ri and vi are the position and velocity vectors of bead i. The equations of motion 

will be integrated using the Velocity Verlet method
130

 which has greater stability, time 

reversibility and preserves the symplectic form in the phase space compared to the Euler 

method.
130 

2.4.2 Modeling and parameterization of system components 

This work adopts a model introduced by Cooke and Deserno
77

 and used it for 

developing an implicit solvent coarse-grained representation of 

dipalmitoylphosphatidylcholine (DPPC) phospholipid molecule. Cooke and Deserno
77

 

use the model to study bilayers formed from a single tail lipid molecule. The physics of 

the model is controlled by the external temperature (i.e. kBT) which determines the 

entropy and the interaction energy () which sets the enthalpy. The ratio kBT/ determines 

the phase behavior of the bilayer
77

 and is the same for all the beads, for a given value of 

the interaction energy. This enables us to adopt the model for a two-tail representation of 
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a phospholipid molecule. A lipid molecule is represented by a bead-spring model with 

one head group encompassing three hydrophilic beads and two hydrocarbon tail groups 

composed of three hydrophobic beads each, as shown in the Figure 2.11 (a). The 

repulsive interactions due to the excluded volume effects between the beads can be 

modeled by the purely repulsive Weeks-Chandler-Andersen (WCA) soft-sphere 

potential
152

    

  ])/()/[(4),( 612 rbrbbrUrep       (for r rc)         (2.30)                              

where  is the depth of the potential well, b is the bead diameter, r is the distance between 

two beads and rc is the cutoff distance beyond which the interactions are not computed. 

The cut-off distance is chosen as rc = 2
(1/6)

 b. The interaction between the head-head and 

the head-tail beads is purely repulsive and is represented by the WCA potential. The 

hydrophobic effect arising from the van der Waals attraction between the beads can be 

suitably represented by a Lennard-Jones-style potential with its range extended via a 

tunable length wf: 

                          )(flat LJ rU  (for r < rc + wf)                                                (2.31)  

           ]))/(())/([(4)( 612

flat LJ ff wrbwrbrU    (for rc  r  wf + wcut)                (2.32)              

               0)(flat LJ rU  (for r > wf + wcut)                                       (2.33) 

where the potential is cutoff beyond wf + wcut.
77

 The underlying principle of this model is 

the use of a broad attractive potential Uflat LJ (r) between the tail beads to compensate for 

the absence of the solvent molecules. Here, wf is the length of the flat region at the 

minimum of potential and wcut is the cut-off distance. In our simulations, we choose wf = 

0.2σ and wc = 2.5σ. The value of rc depends on the type of beads interacting with each 

other and it is controlled by setting the value of b. 
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Figure 2.11: Images of (a) an amphiphilic lipid molecule, (b) randomly dispersed lipid 

molecules in a simulation box of 25x25x25σ at the simulation time t = 0, (c) a self-

assembled single component lipid vesicle at t = 500,000τ, and (d) a plot of the average 

total energy of single component lipid vesicle as a function of time. 

 

For the head-head and head-tail interactions, b is set to be 0.95σ and for tail-tail 

interactions, b is set to be σ.  ε is the unit of energy and σ is the unit of length. The 

interaction between the tail beads is obtained by combining the repulsive and attractive 

pair potentials to yield a combined pair potential Ucomb of the following form:  

   ])/()/[(4)( 612 rbrbrUcomb    (for r rc)    (2.34) 

                        )(rUcomb  (for rc < r < rc + wf)    (2.35) 

             ]))/(())/([(4)( 612

comb ff wrbwrbrU    (for rc + wf  r  wf + wcut)       (2.36) 

                         0)(comb rU  (for r > wf + wcut)     (2.37) 

The dissimilarity in the amphiphilic lipid species is modeled effectively through the pair 

potential interaction parameter . For a system composed of a single species of lipid 
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molecules, the value of  is set to 1. We model mixtures of lipid species with distinct tail 

groups via the pair potential interaction energy , to capture the interactions between the 

tail beads of the like and unlike lipid species. The depth of the attractive potential 

represented by  is used to effectively capture the dissimilarities in the chemistry or the 

length of the hydrocarbon tails, or the molecular geometry of the two lipid species. The 

values of the pair interaction energy  less than 1 imply greater dissimilarity between the 

two interacting beads. 

In the bead-spring representation of chain-like moieties, two consecutive beads 

along a chain are connected by an attractive finitely extensible nonlinear elastic spring 

(FENE)
152

 given by  

   ])/(1ln[5.0)( 22

  rrKrrUFENE
 (for r < r)                       (2.38) 

                                                  )(rUFENE  (r  r)                                                 (2.39) 

where r is the separation of the centers of mass of two bonded beads, r is the maximum 

extension of the spring, or the divergence length and K is the spring constant. The 

stiffness is K = 30ε / σ
2 

and the divergence length is r = 1.5. The bond potential 

parameters were selected to model a relatively stiff spring to avoid high frequency modes 

and chain crossing.
77,153

 The hydrophobic lipid tails are attributed stiffness through a 

harmonic angle potential  

     2

0)(   KUangle        (2.40) 

where K is the angle potential constant and is given by 8.1 ε/ rad
2
.  0 is the equilibrium 

angle between three consecutively bonded beads and is set to 3.14 rad (or, 180 degrees). 
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 The simulations were run in the canonical ensemble using the Langevin 

thermostat with three dimensional periodic boundary conditions. The simulation box 

dimensions were set to 25 x 25 x 25 The total number of beads in the system was 

4500 which corresponds to a lipid density of 0.032 lipids per 

. This value corresponds 

to the lipid density used by Cooke and Deserno.
77

 The simulation time step was set to δt 

= 0.01τ. We will be using our own distribution of LAMMPS for the investigations 

presented in this chapter. 

2.4.3 Length, time and energy scales of the system 

Using a similar procedure in Section 2.2.3, we calculate the length, time and 

energy scales for our model to be σ = 0.52 nm, τ = 4.9 ns and ε = 4.5x10
-21

 J, 

respectively. 

2.5 Results and discussion (Implicit solvent CG MD) 

2.5.1 Formation of single component lipid vesicle via self-assembly 

For the initial setup, a single species of lipid molecules are randomly placed in the 

simulation box, as shown in Figure 2.11 (b). To equilibrate the system, the simulation is 

run for a time interval of 30,000τ with a repulsive pair potential acting between the 

different types of beads with the temperature set at 1.0. The reduced temperature 

corresponds to a physical temperature of 50 
o
C at which the DPPC bilayer is in the fluid 

state. Following the equilibration phase, the interaction potentials and the corresponding 

parameters detailed in Section 2.4.2 are used to promote the self-assembly of the 

amphiphilic lipid molecules to generate a stable single component lipid vesicle, as shown 

in Figure 2.11 (c).  Figure 2.11 (d) shows the time evolution of the average total energy 

during the self-assembly process. The bond and angle energies fluctuate about average 
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values for a significant fraction of the aggregation process. The time evolution of the 

average pair, bond and angle energies during the self-assembly process have been 

provided in the Figure 2.12. 

2.5.2 The effect of the temperature on the structural characteristics 

of a single component vesicle 

A stable self-assembled vesicle is used as the initial condition and simulations are 

run for a range of temperatures spanning 0.7 to 0.95. Each simulation is run for an 

interval of 20,000τ.  Figure 2.13 summarizes the final configurations of the vesicle at the 

different temperatures, and shows the vesicle to remain morphological robust for the 

values of temperatures explored. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: Time evolution of the average (a) pair, (b) angle and (c) bond energies 

during the self-assembly process of the single component lipid vesicle. The simulation 

has been run for a total time of 500,000τ. 
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We study the role of temperature on the structure of the vesicles through 

measurements of the bilayer thickness and the area per lipid. The bilayer thickness of the 

vesicle is calculated by following the same procedure detailed in Section 2.3.3. 

 

Figure 2.13: Final configuration of a single component self-assembled vesicle (at t = 

20,000τ) at a temperature (a) T = 0.7, (b) T = 0.75, (c) T = 0.8, (d) T = 0.85, (e) T = 0.9, 

(f) T = 0.95. 

 

For a single component vesicle, the average bilayer distance is found to be 6.5±0.1 σ 

which corresponds to 3.39±0.06 nm in physical units. This measurement is found to be in 

fairly good agreement with the theoretical and experimental results for a DPPC bilayer at 

50 
o
C, as shown in Table 2.4.  

Mechanical 

Properties of DPPC 

bilayer at 50 
o
C 

Simulation 

results 

Simulation 

results in 

physical units 

The experimental 

results from the 

literature 

Bilayer thickness 
6.5±0.1σ 3.39±0.06 nm  

3.3 nm (theoretical) 10 
3.6 nm (AFM) 10 

Area per lipid 
2.39±0.09 σ2 

Used to obtain 
length scale 

Used to obtain 
length scale 

 

Table 2.4: Tabulation of the bilayer thickness and the area per lipid of the DPPC bilayer, 

at temperature of T = 50 
o
C. Measurements from the simulations are shown in reduced 

units (first column) and physical units (second column.) Published experimental and 

theoretical measurements are provided in the third column. The simulation results in 

physical units and the experimental results for the area per lipid are not provided since it 

is used to obtain the length scale of the system, and is discussed in the Methodology 

section. 
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Details of the average area per lipid measurements can be found in Section 2.2.3. 

For a single component vesicle, we find the average area per lipid to be 2.39±0.09 σ
2
, as 

shown in Table 2.4. Our measurements of the bilayer thickness were not influenced by 

changes in the temperature, as shown in Table 2.5. This behavior could manifest from the 

stiff angle potential functional form that provides greater resistance to variations in the 

hydrocarbon tail angles, in response to temperature increase. Our computations of the 

area per lipid, as shown in Table 2, demonstrates a slight increase with the temperature 

(from 2.33±0.09 σ
2 

(or, 63 ± 2 A
2
) at T = 0.7 to 2.39±0.09 σ

2
 (or, 65 ± 2 A

2
) at T = 0.95.) 

This observation is consistent with the theoretical and experimental studies of lipid 

membranes using X-ray and neutron ULV data.
154

 An earlier study
154

 has shown 

increases in the temperature to result in a higher probability of trans-gauche isomerization 

of the lipid molecules in a bilayer, and therefore larger values of the average area per 

lipid. We do not expect the stiff angle potential functional form to capture the trans-

gauche isomerization of the lipid molecules in response to temperature. However, higher 

temperatures will increase the translational kinetic energy of the molecules in the bilayer 

plane, resulting in greater spacing between the lipid molecules as demonstrated by our 

calculations of the area per lipid. We would like to note that Cook and Deserno measured 

the area per lipid of their single tail lipid to lie in the range of 1.1-1.5 σ
2
.
77 

2.5.3 Coarsening-dynamics in multi-component vesicles using 

implicit solvent conditions 

We generate a stable self-assembled vesicle composed of equal concentrations of 

two species of lipid molecules by using the same protocol to generate a single component 

vesicle. The two lipid species with chemically distinct tail groups are modeled via the 
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interaction parameter (εt1-t2) between the tail beads of the two lipid types, t1 and t2, which 

is varied from 0.9 
 

 

 

 

 

 

Table 2.5: The bilayer thickness and the area per lipid of the single component self-

assembled vesicle as a function of temperature ranging from 0.7 to 0.95. The simulations 

have been run for a total time of 20,000 τ and each data point has been averaged over 

four simulation using different random seeds. 

 

 

to 0.99. The interaction parameter ε between all the other types of beads is set at 1.0. 

Beginning from a configuration where both types of lipid molecules are dispersed 

randomly in the simulation box, the spatial and conformational configurations of the lipid 

molecules are equilibrated by using repulsive interactions between all types of beads. 

After the equilibration phase, we use parameters that capture the distinct nature of the 

two lipid species. We observe the lipids to aggregate to form small clusters while the two 

species phase segregate into small domains, to minimize the energetically less favorable 

interactions between the dissimilar lipid molecules. After the formation of a single binary 

vesicle, the clusters composed of like species diffuse in the bilayer, collide and coalesce 

to grow in size, thereby reducing the interfacial tension between the different phases in 

the hydrophobic region of the bilayer. Figure 2.14 (a) – (e) summarizes the final 

configuration of the binary component self-assembled vesicle for different interactions 

between the tail groups of the two lipid species.  Our characterization of the coarsening 

T Bilayer Thickness 

(σ) 

Area per lipid  

(σ2
) 

0.95 6.5±0.1 2.39±0.09 
0.90 6.5±0.1 2.39±0.09 
0.85 6.5±0.1 2.4±0.1 
0.80 6.5±0.1 2.34±0.09 
0.75 6.5±0.1 2.35±0.09 
0.70 6.5±0.1 2.33±0.09 
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dynamics demonstrates the degree of phase separation to increase with the dissimilarity 

between the tail groups.  

 We study the time evolution of the coarsening dynamics by computing the total 

number of clusters of a given type of lipid molecule following the formation of a stable 

vesicle, for values of the tail-tail interaction parameter εt1_t2 ranging from 0.9 to 0.99. The 

interfacial tension arising due to the unfavorable energetic interactions between the two 

lipid species will drive the phase segregation of the lipid species to form multiple 

domains. We anticipate the interfacial tension to increase with the dissimilarity between 

 

Figure 2.14: Images of the final configurations of the self-assembled binary vesicle (at 

time t = 500,000τ) for the inter-species inter-tail bead interaction parameters (a) εt1-t2 = 

0.90, (b) εt1-t2 = 0.92, (c) εt1-t2 = 0.94, (d) εt1-t2 = 0.96, and (e) εt1-t2 = 0.98. (f) A plot of the 

time evolution of the total number of clusters of one type of lipid species after the 

formation of a single stable vesicle, for εt1-t2 = 0.90, 0.92, 0.94, 0.96, and 0.98. The 

simulations have been run for a total time of 500,000τ and each data point has been 

averaged over four simulation runs using different random seeds. The x-axis has been 

scaled by 1/1000 for ease of visualization. 

 

the tail groups of the lipid species, thereby inducing the phase segregation process to 

minimize the interfacial tension by forming fewer clusters of a given lipid type. For 

(f) 
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sufficiently low interfacial tension, the thermal fluctuations of the mixed bilayer can 

overcome the energetically favorable interactions between the like lipid species to 

fragment the clusters. This process is countered by the minimization of the interfacial 

energy via the coalescence of clusters composed of a given type of lipids. We observe the 

cluster growth measurements to support our expectations, as shown in Figure 2.14 (f). 

These computations have used results from four simulations that begin from the same 

initial conditions but have different random seeds.  

 To capture the phase segregation process in the vesicle bilayer beginning from a 

completely mixed state, we generate a stable self-assembled mixed binary vesicle 

composed of a 1:1 mixture of two species of lipid molecules by effectively treating both 

the lipid species as the same species. The binary system can be assumed to behave as a 

single component system if the interaction energy parameters between the tail beads of 

the like and unlike lipid species are set to the same value (εt1_t2 = 1.0). We follow the 

same protocol as detailed earlier to generate a self-assembled binary vesicle (shown in 

Figure 2.15 (f)), and use the pair potential parameters that capture the distinct nature of 

each lipid type (εt1_t2 = 0.75, 0.80, 0.85, 0.90, 0.95). Beginning from a mixed 

configuration, the lipid molecules diffuse in the bilayer, collide and coalesce to form 

small domains, to minimize the energetically unfavorable interactions between the 

dissimilar lipid molecules. The small domains diffuse, collide and coalesce to grow in 

size and reduce the interfacial tension between the different phases in the hydrophobic 

region of the bilayer. We study the phase segregation process by computing the time 

evolution of the number of clusters composed of a single lipid species and the average 

cluster size which is defined by the number of molecules in a cluster. These 
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measurements are performed from the time we use the pair potential parameters that are 

characteristic of the two distinct lipid types. The increasing dissimilarity between the  

 

Figure 2.15: Images of the final configurations of the binary vesicle at t = 500,000τ for 

the inter-species inter-tail bead interaction parameters (a) εt1-t2 = 0.75, (b) εt1-t2 = 0.80, 

(c) εt1-t2 = 0.85, (d) εt1-t2 = 0.90, (e) εt1-t2 = 0.95, and (f) εt1-t2 = 1.00. All the simulations 

were run beginning from a completely mixed state. A plot of the time evolution of (g) the 

total number of clusters and (h) the average cluster size, for εt1-t2 = 0.75, 0.80, 0.85, 0.90 

and 0.95. The simulations have been run for a total time of 500,000τ beginning from a 

mixed state, and each data point has been averaged over four simulation runs using 

different random seeds. 

 

lipid species drives the system to form fewer clusters of larger size. For example, we 

observe 5 to 12 clusters in the final configurations of mixtures encompassing highly 

dissimilar lipids (εt1_t2 = 0.75.) Similarly for a lower degree of dissimilarity between the 
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lipid species, as captured by εt1_t2 = 0.95, we observe 26 to 36 clusters in the final 

configuration. We would like to emphasize that these cluster numbers correspond to the 

sum of the number of clusters in the inner and outer monolayer of the binary vesicle. We 

find large error bars are obtained for higher degree of dissimilarity between the tail beads 

of the two lipid species (see Figure 2.15 (h)) due to the presence of very few clusters with 

variation in the cluster sizes.   

 The time evolution of the coarsening dynamics can be used to compute the 

scaling exponents of the clustering process for the number of clusters ( and the average 

size of a cluster ( by using the relations 2.15 and 2.16 in demonstrated Section 2.3.2. 

Our measurements of the scaling exponents ( = 0.50  0.07 and  = 0.54  0.05) for a 

system which demonstrates macroscopic phase segregation (t1-t2 = 0.75, see Figure 2.15 

(a)) are in good agreement with theoretical and simulation investigations on phase 

segregation in the absence of hydrodynamics.
23,155-157

 We have provided the time 

evolution of the number of clusters and the average cluster size used to compute the 

exponents in Figure 2.16. The scaling exponents were computed using four simulations 

with different random seeds which were run for a duration of 1,000,000τ. We would like 

to note that for the range of parameters capturing the dissimilarities in the hydrocarbon 

tail groups, we have not observed any budding and vesiculation events.
14 

2.5.4 The effect of phase segregation on the structural 

characteristics of multi-component vesicle 

 The composition of the lipid bilayer is expected to influence its thickness and the 

average area per lipid. We used the same procedure as detailed earlier to measure the 

bilayer thickness 
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Figure 2.16: A log-log plot of the time evolution of (a) the total number of clusters and 

(b) the average cluster size of one type of lipid following the formation of a single stable 

vesicle (εt1-t2 = 0.75.) The simulations have been run for a time interval of 1,000,000τ 

from the mixed state and each data point has been averaged over four simulations which 

have the same initial conditions but different random seed. The scaling exponents are 

obtained by taking the slope of region shown in red. The trend lines and corresponding 

equations are shown on the figures. 

 

 

for the binary vesicle, with the interaction parameter εt1_t2 between the tail beads of the 

two lipid species ranging from 0.75 to 0.95. We do not observe any significant 

differences in the bilayer thickness values for intermediate to low degrees of dissimilarity 

in the tail groups of the lipid species. Our measurements show a slight decrease in the 

bilayer thickness (from 6.5  0.2  to 6.4  0.2 ) for lower values of the tail interaction 
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parameter t1_t2. We surmise that the slight increase in the bilayer thickness for lower 

degrees of dissimilarity between the tail groups could be an outcome of the tighter 

packing of the lipid molecules in the clusters formed in the bilayer. Tighter packing of the 

lipid molecules could result in less splaying and interdigitation of the lipid tails. 

For the binary vesicle, we explore the role of the dissimilarity in the lipid 

hydrocarbon tail groups on the average area per lipid of the bilayer. We observe the area 

per lipid to be independent of the different interfacial energies between the distinct lipid 

species, and to be given by 2.4±0.1 σ
2
. We surmise that with increasing dissimilarity 

between the lipid species, the tighter packing of the lipid molecules in the clusters is 

compensated by low packing density regions adjacent to the periphery of the clusters. 

2.6 Chapter Conclusions 

In summary, this chapter demonstrates the formation of single and binary lipid 

vesicles composed of two-tail amphiphilic lipid molecules and coarsening dynamics in a 

binary vesicle composed of phospholipid molecules with distinct chemical properties 

using two different simulation techniques: DPD and implicit solvent CG MD. In the early 

stages of the phase segregation process, the lipid molecules of the same species formed 

small clusters or domains via diffusion and collision to minimize their interfacial tension. 

For the latter stages, as the domains grow in size the clustering dynamics is determined 

by the diffusion and collision of clusters, and the evaporation of individual lipids from 

the boundaries of small clusters and their coalescence into bigger clusters. We observe 

the first stage for lipid mixtures with low interfacial energies or smaller degree of 

dissimilarity between the lipid species. For higher interfacial tension between the distinct 

lipid species, we demonstrate both stages through the characterization of the clustering 
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dynamics. Our measurements of the growth exponents using DPD and CG MD 

approaches for systems demonstrating macroscopic phase segregation agree with earlier 

numerical, theoretical and experimental studies.
4,14-17,22,23,155-157 

We did not observe 

significant changes in the bilayer thickness and the area per lipid for different mixtures of 

lipid species in both techniques.  

Via the use of DPD approach, the measurements of the line tension are found to 

be consistent with theoretical and experimental studies.
127,143

 In addition, we observe the 

surface tension calculations to support our trends in the average area per lipid as function 

of the dissimilarity between the lipid species.  Finally, the molecular chain stiffness of the 

hydrophobic tail groups was found to determine the shape of the binary vesicle, but had 

no noticeable effect on the phase segregation process.  

Via the use of CG MD approach, the measurements of the bilayer thickness are 

found to be consistent with the experimental results. Our investigations on the effects of 

temperature on the physical properties of single component lipid vesicles were found to 

agree with experimental results. Contrary to expectations, our results demonstrated the 

bilayer thickness to be independent of temperature. A plausible explanation for this 

observation could be the use of stiff angle potentials that generates greater resistance to 

variations in the hydrocarbon tail conformations. 

Chapter 3 

The Design of Shape-Tunable Hairy Vesicles 

The publications relevant to details of the discussions provided in this section: 

 Aydin, F., Uppaladadium, G., Dutt, M., 2015, The design of shape-tunable hairy 

vesicles. Colloids and Surfaces B: Biointerfaces 128, 268-275. 
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 Aydin, F., Uppaladadium, G., Dutt, M., 2015, Harnessing nanoscale confinement 

to design sterically stable vesicles of specific shapes via self-assembly. J. Phys. 

Chem. B 119 (32), 10207-10215. 

Contributions to this work: 

1. Writing the computer programs to generate initial configurations for the 

simulations 

2. Running the simulations 

3. Writing the computer programs which are used to characterize the system 

4. Performing the analysis and visualization of the system 

5. Writing the manuscript 

3.1 General overview 

The stability and shape of biocompatible carriers such as lipid vesicles influence 

the effective delivery of therapeutic agents to target cell populations.
52

 Sterically stable 

vesicles can be formed via the grafting of poly ethylene glycol (PEG) chains to the lipid 

head groups, and shape of the vesicles can be controlled by various intrinsic or extrinsic 

factors as previously explained in the Introduction and Motivation section. Experimental 

and computational studies have investigated the morphology of binary mixtures of 

PEGylated and non-PEGylated lipids;
51,52,54,56

 and their dynamics and stability,
47,52,54

 for 

species composed of the same hydrocarbon tail groups.
49,51,55

 The aim of this chapter to 

design interfacially stable delivery vehicles or “hairy vesicles” composed of species with 
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different head group area and hydrocarbon tail groups with shapes conducive for 

unhindered passage through the circulation system and efficient internalization by desired 

cell populations. The specific system consists of a binary mixture of phospholipids and 

end-functionalized or hairy phospholipids.  In this chapter, we identify the shape of the 

vesicles to be controlled by intrinsic factors such as the molecular geometry and the 

relative concentration of the molecular species or extrinsic factors such as the volume of 

the confinement. We have adopted a Molecular Dynamics (MD) -based mesoscopic 

simulation technique entitled Dissipative Particle Dynamics (DPD) (details given in 

Section 2.2.1) for the investigations presented in this chapter. 

3.2 Modeling and parameterization of system components 

3.2.1 Modeling in bulk conditions 

 The individual phospholipid molecules are represented by bead-spring models as 

shown in Figure 3.1 (a), and are modeled by a head group comprised of three hydrophilic 

beads and two hydrocarbon tails represented by three hydrophobic beads each. The hairy 

lipids, as shown in Figure 3.1 (b) – (c), encompass an identical architecture for the 

phospholipid, with hydrophilic tethers grafted to one of the hydrophilic head beads. The 

hairs or tethers are modeled by three and six hydrophilic beads. Bond and angle potential 

functional forms and parameters used for the lipids and tethers in this chapter are similar 

to those used in Section 2.2.2. Experimental examples of the tethers are polyethylene 

glycol chains with degrees of polymerization n given by 6 and 12. We select these values 

of the degree of polymerization to design sterically stabilize hairy vesicles with relatively 

short polyethylene glycol chains. In addition, earlier theoretical
158

 and experimental 
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studies
159,160 

show polymers with 6 to 17 EO units to be sufficiently effective for reducing 

the amount of protein adsorption on a surface at a certain surface coverage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Images of the (a) amphiphilic phospholipid molecule, (b) hairy lipid molecule 

with a tether composed of three beads, and (c) hairy lipid molecule with a tether 

composed of six beads. (d) Time evolution of the average total energy of binary 

component hairy vesicle composed of phospholipids (90%) and hairy lipid molecules 

with tether composed of three beads (10%), and the corresponding images of the 

aggregation process. (e) An image of a stable self-assembled binary hairy vesicle 

composed of phospholipids (90%) and hairy lipid molecules with tethers composed of 

three beads (10%) at time t = 60,000τ 

 

The soft repulsive pair potential parameters for the lipid molecule head and tail beads 

were selected to capture its amphiphilic nature. In addition, the hair beads are considered 

to be hydrophilic in nature. The soft repulsive interaction parameters between the tethers 



54 

 

 

(T), head (h), and tail (t) beads of lipid types 1 and 2, and the solvent (s) beads are 

assigned the following values (in units of 
c

B

r
Tk

): ass = 25, aTT = 25, aTs = 25, ah1h1 = 25, 

at1t1 = 25, ah2h2 = 25, at2t2 = 25, ah1t1 = 100, ah1s = 25, at1s = 100, ah2t2 = 100, ah2s = 25, at2s 

= 100, ah1T = 25, at1T = 100, ah2T = 25, at2T = 100, ah1t2 = 100, ah2t1 = 100 and ah1h2 = 25. 

The values of the inter-specie tail-tail soft repulsive interaction parameter at1t2 will span 

values ranging from 31 to 50, to mimic mixtures of amphiphilic species with different tail 

group properties. All the other parameters pertaining to DPD simulation technique, time, 

length and energy scales are obtained from Section 2.2.2.
 

3.2.2 Modeling under confinement 

For the study of self-assembled hairy vesicle under confinement, the tethers of 

hairy lipids are modeled by three, five and six hydrophilic beads, which are 

experimentally corresponding to polyethylene glycol chains with degrees of 

polymerization n given by 6, 10 and 12. 

Two planar walls parallel to xy-plane are used to confine the phospholipid and 

hairy lipid molecules, as shown in Figure 3.2 (a). The solvent molecules are both present 

in the region between and above the walls. Each wall consists of two layers of frozen 

DPD particles, with a thickness given by 0.85rc and a total area of 1779rc
2
. The beads 

comprising the walls are organized in a triangular lattice. 
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Figure 3.2: (a) The dimensions of the three-dimensional simulation box and channel used 

to confine the amphiphilic molecules. (b) The initial system configuration for a mixture of 

phospholipid and hairy lipid molecules in the confinement with a channel height of 15rc. 

(c) A side, (d) top and (e) cross-sectional view of a self-assembled prolate vesicle in the 

confinement with a channel height of 20rc at time t = 120,000τ. (f) A side, (g) top and (h) 

cross-sectional view of a self-assembled oblate vesicle in the confinement with a channel 

height of 10rc at time t = 120,000τ. (i) A side, (j) top and (k) cross-sectional view of a 

self-assembled bicelle in the confinement with a channel height of 8rc at time t = 

120,000τ. The systems in (b) – (k) are composed of phospholipids (90%) and hairy lipid 

molecules with tethers composed of three beads (10%). The wall beads are reduced in 

size to enhance the top view of the different vesicle morphologies. 

 

 

To prevent the adhesion of the vesicle onto the surface of the wall, the wall beads are 

modeled to have favorable interactions with the solvent molecules and unfavorable 

interactions with the phospholipids and hairy lipids. An experimental analogy of the wall 
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could be a hydrophilic surface with a charge distribution which results in unfavorable 

enthalpic interactions with the amphiphilic molecules.
161

 Microfluidic channels can be 

made of materials such as glass, silicon, silicon oxide, and oxidized polystyrene. These 

materials can be sealed irreversibly with oxidized poly(dimethylsiloxane) (PDMS). The 

channel walls sealed with PDMS are found to be negatively charged in neutral and basic 

aqueous solutions.
162

 It has been previously shown that vesicles composed of neutral and 

negatively charged lipid molecules, such as DOPC/DOPS, are not adsorbing onto the 

negatively charged silica surface.
163

 

The soft repulsive interaction parameters between the tethers (T), head (h), and 

tail (t) beads of lipid types 1 and 2, the solvent (s) beads and the wall (w) beads are 

assigned the following values (in units of 
c

B

r
Tk

): ass = 25, aTT = 25, aTs = 25, ah1h1 = 25, 

at1t1 = 25, ah2h2 = 25, at2t2 = 25, ah1t1 = 100, ah1s = 25, at1s = 100, ah2t2 = 100, ah2s = 25, at2s 

= 100, ah1T = 25, at1T = 100, ah2T = 25, at2T = 100, ah1t2 = 100, ah2t1 = 100, ah1h2 = 25, asw = 

25, aTw = 100, ah1w = 100, ah2w = 100, at1w = 100 and at2w = 100. 

3.3 Results and discussion 

3.3.1 Self-assembly of hairy vesicle and characterization of the 

aggregation process 

We design the hairy vesicles via self-assembly of the hairy and non-hairy 

amphiphilic species in a hydrophilic solvent. For the initial setup, a 9:1 mixture of 

phospholipids and short tether hairy lipids are randomly positioned in a simulation box of 

dimensions 30x30x30 rc
3
, along with the solvent beads. The simulation box has periodic 

boundaries along the three axes, and a 5.6% bead concentration of amphiphilic species. 

The unfavorable enthalpic interactions between the hydrophobic and hydrophilic species 
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drives the self-assembly of the two species to form a stable hairy vesicle, as shown in 

Figure 3.1. The simulations are run for a time interval of 60,000τ. In the early times of 

the aggregation process, the amphiphilic molecules diffuse in the solvent, collide and 

coalesce to form small size clusters. At later times, the self-assembly process proceeds 

via the diffusion, collision and coalescence of the small clusters to form medium to large 

clusters. We examine the role of the tether length and the relative concentrations of the 

two species on the aggregation dynamics. The relative concentration of the hairy lipids is 

set to 10 %, 20 %, 30 %, 40 % and 50% for the short tethers, and 10 % and 20 % for the 

long tethers. The characterization for each system uses particle trajectories from sixteen 

simulations which have identical initial conditions but different random seeds. 

We characterize the dynamics of the aggregation process by computing the time 

evolution of the number of clusters and the average cluster size. A cluster is defined to be 

a group of non-solvent beads whose center-to-center distance is within their interaction 

cut-off range which is given by rc = 1. Similarly, the average cluster size can be defined 

as the sum of the number of phospholipid and hairy lipid molecules divided by the total 

number of clusters. The aggregation process is determined by an interplay between the 

minimization of the unfavorable enthalpic interactions and maximization of the molecular 

configurational
164

 and conformational entropy. One of the factors which control the 

equilibrium morphology of the aggregates is steric effects arising from the tethers. 

Increases in the steric effect results from the higher relative concentration of the hairy 

lipids or longer tethers which could prevent further aggregation of the smaller clusters. 

The steric hindrance promoted by the grafted tethers can be used to determine the size 

distribution of the liposomes which is important for the drug delivery applications.
49-51
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We would expect a decrease in the average cluster size with an increase in the relative 

concentration of the hairy lipid molecules and the tether length, as demonstrated in earlier 

experimental
50

 and theoretical
52

 studies. In addition, we surmise that the aggregate 

growth dynamics slows down with increase in the relative concentration of the hairy 

lipids and the tether chain length. Our expectations are supported by the characterization 

of the aggregation dynamics which is summarized in Table 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1: Table of the scaling exponents α and β for the self-assembly of binary mixtures 

composed of different relative concentrations of hairy lipid and phospholipid molecules, 

and length of the tethers. 

 

The time evolution of the coarsening dynamics during the self-assembly process 

can be used to estimate the scaling exponents of the number of clusters and the average 

cluster size. The scaling exponents based on number of clusters and the average size of 

Tether length = 3 

Concentrations 

(%) 

Scaling 

Exponent 

(α) 

Scaling 

Exponent 

(β) 

10 

 

20 

 

30 

 

40 

 

            50 

-0.84±0.07 

 

-0.81±0.07 

 

-0.78±0.04 

 

-0.77±0.09 

 

-0.75±0.05 

 0.85±0.07 

 

 0.81±0.07 

 

 0.78±0.04 

 

 0.78±0.09 

 

 0.76±0.06 

 

Tether length = 6 

10 

 

20 

-0.80±0.07 

 

-0.77±0.08 

 0.81±0.07 

 

 0.78±0.08 
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the clusters are respectively given by Equations 2.15 and 2.16 in Section 2.3.2. Our 

measurements demonstrate the growth dynamics to slow down with concentration of the 

hairy lipids and the tether length. One possible explanation for the slower growth 

dynamics is the higher drag forces experienced by the lipid molecules due to the 

additional chain-like functional groups which have favorable enthalpic interactions with 

the solvent.
165,166

 We find our results to be in good agreement with investigations on the 

aggregation dynamics of phospholipid molecules and hairy nanotubes.
60

 The time 

evolution of the aggregation dynamics is provided in Figure 3.3.  

 

Figure 3.3: The time evolution (beginning from time t = 1,000τ) of the total number of 

clusters encompassing mixtures of phospholipids and hairy lipids with tethers composed 

of (a) three beads, for relative concentration of the hairy lipids given by 10%, 20%, 30%, 

40% and 50%, and (b) six beads, for relative concentration of the hairy lipids given by 

10% and 20%. The inset in (a) and (b) show the time evolution of the total number of 

clusters between the time interval t = 0 and t = 1,000τ. (c) The time evolution for the 

average cluster size for mixtures of phospholipids and hairy lipid molecules with the 

tethers composed of (c) three beads, for relative concentration of the hairy lipids given by 

10%, 20%, 30%, 40% and 50%, and (d) six beads, for relative concentration of the hairy 

lipid given by 10% and 20%. 
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The average cluster size effectively provides the volume occupied by the non-

solvent beads in a cluster as the density in the system is constant. The average linear size 

of the cluster becomes R(t)  (< S(t) >)
1/3

  (t

)
1/3

  t
1/3

. A growth exponent of 1/3 is 

usually attributed to the evaporation-condensation effect.
4
  

3.3.2 Effect of confinement on the aggregation dynamics 

We examine the self-assembly of hairy and non-hairy amphiphilic species in a 

confined volume bound by two rectangular planar walls, located in a simulation box of 

dimensions 45.5x39.1x40 rc
3
 with periodic boundaries along the three axes. The walls 

span the x and y dimensions of the simulation box, and are located at an equidistance 

from the origin of the simulation box as shown in Figure 3.2 (a). The distance between 

their planar surfaces is varied from 8rc to 20rc. The distance is chosen to effectively 

model different degrees of confinement. We use a 8:2, 8.5:1.5 and 9:1 binary mixture of 

phospholipid and hairy lipid molecules, with the hairs comprised of three, five and six 

beads. Each system consists of 504 molecules. This corresponds to 50 hairy lipid 

molecules and 454 phospholipids for a 9:1 mixture, 76 hairy lipid molecules and 428 

phospholipids for a 8.5:1.5 mixture and 101 hairy lipid molecules and 403 phospholipids 

for a 8:2 mixture. We randomly place the molecules from each species in the confined 

volume between the two walls, as shown in Figure 3.2 (b). The solvent beads are both 

present between and above the two walls. We observe the formation of a single stable 

hairy vesicle via the self-assembly of the two species, as shown in Figure 3.2 (c). The 

simulations are run for a time interval of 120,000τ. We observe the amphiphilic 

molecules to aggregate to form small clusters at the initial stages of the self-assembly 

process, which is followed by the formation of medium to large-sized clusters via the 
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diffusion, collision and coalescence of the small clusters, similar to our observations in 

Section 3.3.1. We examine the role of the confining volume on the aggregation dynamics, 

for different hair lengths and relative concentrations of the two species. The relative 

concentration of the hairy lipids is set to 10 %, 15 % and 20 % for three different lengths 

of the hairs. The characterization presented in this section uses particle trajectories from 

four simulations which have identical initial conditions but different random seeds. 

We characterize the aggregation dynamics during the self-assembly process by 

measuring the scaling exponents of the time evolution of the number of clusters by 

following similar procedure in Section 3.3.1.  We observe the aggregation dynamics at 

the channel heights of 15rc to be quite similar to the aggregation dynamics at the channel 

heights of 20rc, as shown in Figure 3.4.  

 

 

 

 

 

 

 

 

 

 

Figure 3.4: A plot of the scaling exponent α as a function of the distance between two 

planar surfaces for the self-assembly of binary mixtures composed of different relative 

concentrations of hairy lipid and phospholipid molecules, and length of the tethers. 
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We also calculate the scaling exponents for the self-assembly in bulk condition and find 

the results to be within 2 – 5 % of the scaling exponents at the channel height of 20rc. 

This implies that confinement at the channel heights of 20rc and 15rc have negligible 

effects on the aggregation dynamics. The effect of the confinement on the aggregation 

dynamics has been observed when the channel height is reduced to 10rc and 8rc. As the 

degree of confinement increases, the aggregation dynamics slows down, as evidenced 

from Figure 3.4. We surmise that increasing the degree of confinement results in greater 

steric hindrance between the small clusters encompassing phospholipids and hairy lipids. 

In addition, we expect the aggregation dynamics to slow down with an increase in the 

length of the tethers due to the higher steric hindrance and hydrodynamic drag, as we 

observed in Section 3.3.1. We demonstrate that the growth dynamics slows down with an 

increase in the length of tethers when the distance between two planar surfaces is 15rc and 

20rc, in line with our expectations. However, we do not observe the length of tethers to 

influence the growth dynamics as the degree of confinement increases. Our 

measurements demonstrate the growth dynamics to change negligibly with the relative 

concentration of the hairy lipids. We also measure the constant C in the relation N(t) ~ C 

t
α 

in order to understand the effect of confinement on the aggregation dynamics at the 

initial stage of self-assembly process. The duration of initial stage of aggregation 

dynamics (prior to the measurement of scaling exponents) and the rate of aggregation 

dynamics at later stages (where the scaling exponent is measured) will affect the value of 

C. We expect a higher C value with a longer initial stage of aggregation dynamics where 

the individual molecules collide and coalescence to form small clusters. The value of C is 

also expected to increase with faster aggregation dynamics at later stages. As shown in 
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Figure 3.5, our measurements of the constant C as a function of the channel height and 

relative concentration of the hairy lipids for three different lengths of tethers are in 

agreement with our expectations. We demonstrate the value of C to increase with channel 

height and find its value in bulk conditions to be higher than that in the channel height of 

20rc (C ~ 21000 – 23000 for short tethers and C ~ 14000 - 16000 for long tethers). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: The constant C in the scaling exponent relation N(t) ~ C t
α
 as a function of 

the channel height and relative concentration of the hairy lipids for three different 

lengths of tethers. 
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We surmise that the reason for higher values of C with decreasing confinement is the 

longer duration of the aggregation dynamics at the initial stage as longer time intervals 

are required for collision and coalescence encounters between the individual molecules.  

In addition, the scaling exponents at the channel height of 15rc and 20rc as well as in bulk 

conditions are indistinguishable, and do not show any increasing trends. Our results also 

show that the value of C decreases with longer tethers due to the slowdown in the 

aggregation dynamics. 

3.3.3 Distribution of tethers in the monolayers 

To illustrate the organization of the two species in the hairy vesicle, we have 

examined the distribution of the hairy lipids in the monolayers. The molecules are more 

tightly packed in the inner monolayer as it occupies a spherical shell of smaller volume 

than the outer monolayer. The number of hairy molecules which could pack into each 

monolayer would depend upon the excluded volume of the tethers. For negligible 

differences in the excluded volume of the tethers in the two monolayers, we would expect 

fewer hairy lipid molecules in the inner monolayer. The excluded volume of a tether can 

be measured through the radius of gyration given by 

         
 

 1

)( 2

1,12





 

N
R

cmNi i

g

rr
        (3.1) 

where ri is the position vector for the each tether bead, rcm is the center-of-mass position 

of a tether and N is the number of beads per tether. We calculate the radius of gyration of 

each hair in a given monolayer after the formation of a single stable hairy vesicle, and 

average over all the hairs. Table 3.2 shows the distribution of the hairy lipids and the Rg 

of the tethers, in the two monolayers. For the short tethers, we report an asymmetric 

distribution of the hairy lipid molecules in the two monolayers, with negligible 
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differences in the radius of gyration. The asymmetry in the inter-monolayer distribution 

is found to become increasingly prominent with the length of the hairs. We also note that 

the radius of gyration for the longer tethers is higher in the outer than the inner 

monolayer. A possible explanation is that the excluded volume of the tethers decreases to 

pack into the inner cavity of the vesicle. Our findings are consistent with experimental
49

 

and theoretical
51,52

 studies which have shown the asymmetric distribution of the 

 

Table 3.2: The number of hairy lipid molecules and the radius of gyration of the tethers 

present in the inner and outer monolayers of the self-assembled vesicles, and maximum 

and minimum distances from the center of mass of the vesicle to the lipid head groups in 

the outer monolayer for different relative concentrations of the hairy lipids and tether 

lengths. 

 

 

Conc. 

 (%) 

Number of 

Hairy Lipids 

in the Inner 

Monolayer 

Number of 

Hairy Lipids 

In the Outer 

Monolayer 

Radius of 

Gyration 

in the Inner 

Monolayer (rc) 

Radius of 

Gyration 

In the Outer 

Monolayer (rc) 

Minimum 

Radius 

(rc) 

 Maximum 

Radius 

(rc) 

T
et

h
er

 l
en

g
th

 =
 3

 

10 10 40 0.37±0.02 0.37±0.02 4.3±0.2 10.7±0.5 

20 11 90 0.36±0.02 0.36±0.02 3.8±0.3 11.8±0.4 

30 15 137 0.36±0.01 0.36±0.01 4.0±0.2 11.3±0.3 

40 39 163 0.37±0.01 0.37±0.01 4.2±0.01 11.1±0.3 

50 50 202 0.37±0.01 0.37±0.01 4.7±0.2 10.3±0.3 

T
et

h
er

 l
en

g
th

 =
6

 10 6 44 0.56±0.04 0.56±0.04 4.1±0.2 11.3±0.4 

20 4 97 0.54±0.03 0.54±0.03 4.1±0.2 11.3±0.3 
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molecular species in pegylated-lipid/phospholipid mixtures between the two monolayers 

due to the volumetrically constrained inner region of the lipid vesicular aggregates, and 

demonstrate the distribution to be optimal for spontaneously forming liposomes. We do 

not observe the radius of gyration of the tether and their distribution in the self-assembled 

hairy vesicles to be influenced by the confinement, as shown in Table 3.3 and Table 3.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3: The radius of gyration of the tethers presents in the inner and outer 

monolayers of the self-assembled vesicles for different relative concentrations of the 

hairy lipids and tether lengths in the confinement with a channel height of 10rc, 15rc and 

20rc. 

 

3.3.4 Intrinsic factors controlling shape of hairy vesicle 

We investigate the dimensions of the vesicles through the minimum and 

maximum distances from its center of mass to the lipid head groups in the outer 
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monolayer, as shown in Table 3.2. The large difference in the minimum and maximum 

distances indicates that the self-assembled hairy vesicles favor an ellipsoidal morphology.  

The local curvature of the hairy vesicle can be influenced by the molecular 

stiffness of the species, or their spatial distribution in the bilayer, specifically as one the 

species has a  

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4: The number of hairy lipid molecules present in the inner and outer monolayers 

of the self-assembled vesicles for different relative concentrations of the hairy lipids and 

tether lengths at different degrees of confinement. 

 

curvature-inducing functional group.
57-59

 We examine the role of these factors on the 

shape of the hairy vesicle for different relative concentrations of the hairy lipids and 

tether lengths. The angle potential constant of the hairy lipid is set to a value of 0, while 

that for the phospholipid tails is varied from 5 to 20. An experimental example of a 
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saturated lipid molecular species with stiffer tails is 1,2-distearoyl-sn-glycero-3-

phosphocholine (18 carbons atoms
154

), where as DPPC molecule is a saturated 

phospholipid with 16 carbon atoms in each hydrocarbon tail. We begin with a hairy 

vesicle, and run the simulations for a time interval of 5000 τ using different values of 

Kangle for the phospholipid species. We anticipate the chain stiffness of the phospholipid 

molecules to control the packing of the molecules in the bilayers i.e., a higher molecular 

chain stiffness would result in tighter packing of the molecules. However with increasing 

concentrations of the hairy lipids, the excluded volume of the tethers disrupts the tighter 

packing of the hydrocarbon tails. Our results show the shape of the vesicle to transform 

from an ellipsoidal to a spherical shape with increasing chain stiffness of the non-hairy 

lipid species for low concentrations of the hairy lipids, as shown in Figure 3.6. The shape 

of the vesicle remains unchanged for higher concentrations of the hairy lipids. To develop 

a systematic parameterization of the shape transformation of the hairy vesicle, we have 

examined the role of factors such as the concentration of the hairy lipids (xtether) and the 

molecular stiffness of the phospholipid tails (Kangle) on the interfacial line tension, the 

ratio of minimum to maximum distance of the head groups in the outer monolayer from 

the center of mass of the hairy vesicle (rmin/rmax), and the reduced volume (υ). We 

summarize our results in phase diagrams, as shown in Figure 3.7. 

Figure 3.7 (a) and (b) show the reduced volume of the hairy vesicle as a function 

of the concentration of the hairy lipids and the chain stiffness of the phospholipid 

hydrocarbon tails, for tethers composed of three and six beads. The reduced volume is 

defined as
167
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υ ≡ V / ((4π / 3) R
3
)                                                        (3.2) 

where V is the volume of the vesicle and R is the radius of the sphere with the same area 

as the vesicle surface area given by  

                                                               R ≡ (A / 4π)
1/2  

                             (3.3)     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Equilibrium configurations of the binary hairy vesicle composed of a range 

of concentrations of the hairy lipids (10% to 50% for the short tethers and 10% to 20% 

for the long tethers) at t = 5,000τ, for different hydrocarbon chain stiffness of the 

phospholipid specie given by Kangle  = 5, 10, 15, and 20. The angle coefficient of the hairy 

lipid hydrocarbon chain was set at Kangle = 0. 
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The results are consistent with our observations presented in Figure 3.6; as we increase 

the chain stiffness at lower concentrations of the hairy lipids, the reduced volume 

approaches to 1.0 which corresponds to a more spherical morphology. We also observe 

similar trends in the phase diagram for rmin/rmax as a function of xtether and Kangle, as shown 

in Figure 3.7 (c) and (d). These results indicate that the equilibrium morphology of the 

binary hairy vesicle is determined by an interplay between the packing of the molecular 

species and the excluded volume of the curvature-inducing groups. Our results indicate 

that the shape changes with the molecular stiffness of the phospholipid hydrocarbon tails 

to be independent of the tether length. We find our observations to be in good agreement 

with experimental results by Dobereiner et al.
39

 where they use a vesicle composed of 

two lipid species which have different hydrocarbon tail lengths. As they increase the 

temperature, vesicles change their morphology to adopt a more elongated shape 

accompanied by a simultaneous decrease in the reduced volume from υ = 0.954 to υ = 

0.912. The lipid molecules with shorter hydrocarbon tails will be more susceptible to 

changes in temperature, and thus have lower chain stiffness. This property is analogous to 

increasing the difference between the chain stiffness of the two lipid species in our 

model. 

The phase diagrams that relate the composition of the tethers and the chain 

stiffness of the phospholipid tails to the interfacial line tension are shown in Figure 3.7 

(e) and (f).  The line tension can be measured through Equation 2.22. Our observations 

demonstrate the line tension to decrease with higher relative concentrations of the hairy 

lipids. A plausible explanation for this observation is the reduced interactions between 

neighboring hairy lipids due to the excluded volume of the tethers. We would like to note 
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that an earlier computational study
168

 reported similar observations for a bicellar structure 

composed of a mixture of zwitterionic and PEGylated lipid molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: The phase diagram for the reduced volume of the self-assembled hairy 

vesicles with tethers composed of (a) three beads, (b) six beads as a function of xtether and 

Kangle. The phase diagram for the rmin/rmax of the self-assembled hairy vesicles with tethers 

composed of (c) three beads, (d) six beads as a function of xtether and Kangle. The phase 

diagram for the interfacial line tension of the self-assembled hairy vesicles with tethers 

composed of (e) three beads, (f) six beads as a function of xtether and Kangle. xtether is varied 

from 0.1 to 0.5 for lipid species with short tethers and from 0.1 to 0.2 for lipid species 

with long tethers. Kangle for the phospholipids is varied from 5 to 20. 
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The effect of the spatial distribution of the species on the shape can be queried by 

using suitable conditions, such as temperature, which promote macroscopic phase 

segregation
59

 in the bilayer. We investigate the phase segregation within the bilayer of a 

hairy vesicle composed of equal concentrations of hairy lipids and phospholipids with 

different hydrocarbon tails. We begin with a stable pre-assembled mixed hairy vesicle in 

a 40 rc x 40 rc x 40 rc periodic simulation box composed of 1178 molecules. The 

differences in the hydrocarbon tail groups such as the length is reflected in the transition 

temperature for the lipid molecules, and can be effectively captured by the tail-tail 

interaction parameter at1t2. The range of the tail-tail interaction parameter at1t2 used in this 

investigation (31 to 50) has been demonstrated to promote macroscopic phase 

segregation in a binary phospholipid vesicle, and can model differences in the length of 

the hydrocarbon tails of the molecules. The simulations have been run for a time interval 

of 10,000τ. The characterization has been performed using particle trajectories from four 

simulations that begin from the same initial conditions but have different random seeds.  

To demonstrate that the latter dynamics of the phase separation process is 

determined by the evaporation-condensation effect,
4,140

 we measure the scaling exponents 

of the time evolution of the number of clusters and the average cluster, as shown in 

Figure 3.8. A cluster is composed of hairy lipid molecules whose head group beads are 

within interaction range from each other. Table 3.5 shows the cluster growth dynamics to 

become faster with increasing dissimilarity between the hydrocarbon tail groups and for 

shorter tethers. We surmise that longer tethers experience greater drag which results in a 

slow down in the domain growth dynamics. The average radius of a domain can be 

shown to be given by the following relation R(t)  t

 
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The higher excluded volume of the longer tethers, as indicated in Table 3.2, could 

sufficiently increase the separation between neighboring hairy lipids so that the 

corresponding head groups are outside the interaction range from each other. 

 

Figure 3.8: A plot of the time evolution of the total number of clusters of the hairy lipid 

molecules with (a) short and (b) long tethers. A plot of the time evolution for the average 

size of the clusters composed of hairy lipids with (c) short and (d) long tethers. The 

simulations have been run for a time interval of 10,000τ, and each data point has been 

averaged over four simulations using identical initial conditions but different random 

seeds. All the simulations start from a completely mixed state. The inter-specie tail-tail 

soft repulsive interaction parameter was set at the following values: at1t2 = 31, 32, 35, 38, 

41, and 50. 

 

We find the area per hairy lipid increases, respectively, by 30% and 50% for the short and 

long tethers (as shown in Table 3.6), in comparison to the area per phospholipid which is 

calculated to be 1.12 rc
2
. The increase in the area per molecule with the inclusion of the 

PEGylated moeities has also been reported by earlier experimental
54

 and computational 
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studies.
168 

We would like to note that measurements of the radius of gyration of the short 

and long hairs for the  

 

aij  

(kbT/rc) 

Scaling  

Exponent (α) 

Scaling 

Exponent (β) 

 Tether length = 3  

31 -0.45 0.46 

32 

 

35 

-0.50 

 

-0.50 

0.50 

 

0.52 

 

38 

 

41 

-0.51 

 

-0.51 

0.52 

 

0.48 

 

50 -0.51 0.54 

Tether length = 6 

31 -0.33 0.34 

32 

 

35 

-0.33 

 

-0.36 

0.34 

 

0.37 

 

38 

 

41 

 

-0.46 

 

-0.47 

0.46 

 

0.48 

50 -0.47 0.48 

 

Table 3.5: Table of the scaling exponents α and β for the coarsening dynamics in the 

bilayer of a binary hairy vesicle induced by the dissimilarity of the hydrocarbon tail 

groups of the phospholipid and hairy lipids, for different tether lengths. 
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outer monolayers are respectively given by 0.450±0.002rc, and 0.925±0.003rc, and is not 

sensitive to the distinction in the hydrocarbon tail groups.  This observation would also 

hold for the area occupied by the hairy lipids. 

 

Table 3.6:  The area per hairy lipid for tethers composed of three and six beads in the 

inner and outer monolayers of the binary hairy vesicle as a function of the inter-specie 

tail-tail soft repulsive interaction parameters at1t2. The simulations have been run for a 

total time of 10,000 τ and each data point has been averaged over four simulation runs 

using identical initial conditions but different random seeds. 

at1t2 

(kbT/rc) 

Area Per Hairy Lipid 

Molecule 

in the Inner Monolayer 

(rc
2
) 

Area Per Hairy Lipid 

Molecule 

In the Outer Monolayer 

(rc
2
) 

T
et

h
er

 l
en

g
th

 =
 3

 

31 1.2±0.1                1.7±0.1  

32                 1.2±0.1 1.8±0.1 

35 1.3±0.1 1.8±0.2 

38 1.2±0.1 1.8±0.2 

41 1.3±0.2 1.8±0.2 

50 1.3±0.2 1.8±0.2 

T
et

h
er

 l
en

g
th

 =
 6

 

31 1.5±0.1 2.0±0.1 

32 1.4±0.2 1.9±0.1 

35 1.5±0.1 2.0±0.1 

38 1.4±0.1 1.9±0.1 

41 1.5±0.2 2.0±0.2 

50 1.5±0.2 2.0±0.2 
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To capture the shape change for a phase segregated hairy vesicle, we measure the 

maximum and minimum distance of the lipid head groups from the center of mass of the 

vesicle, as shown in Figure 3.9 (e). Our results demonstrate the shape of the vesicle to 

transform from a spherical to an ellipsoidal shape with increasing dissimilarity between 

the hydrocarbon tail groups, as shown in Figure 3.9. The shape change for a range binary 

mixtures composed of different phospholipid and hairy lipid species can be related to 

thermodynamic properties such as the interfacial line tension. The measurements in 

Figure 3.9 (f) were performed on particle trajectories beginning from 10,000τ, for a total 

duration of 5,000τ. Each data point has been averaged over time and the total number of 

beads in the system. The line tension is observed to increase with the degree of 

distinction between the hydrocarbon tails and the length of the tethers, and influences the 

shape of the phase segregated hairy vesicle.  

3.3.5 Effect of confinement on the shape of hairy vesicle 

Our measurements of the reduced volume for hairy vesicles under confinement, as 

shown in Figure 3.10, demonstrate the shapes of the vesicles to deviate significantly from 

a spherical morphology (υ = 1) and adopt either prolate and oblate shapes or bicelles 

depending on the degree of confinement during the self-assembly of the hairy vesicles. 

The results for the tether concentration of 15% are not shown in the figure as they are 

very similar to the results for the tether concentrations of 10% and 20%. Our findings 

show that the self-assembly of the phospholipid and hairy lipid molecules favors the 

formation of cigar-shaped (prolate) vesicles for various relative concentrations of the 

hairy lipids and the length of the hairs when the distance between the planar surfaces is 

set to 15rc or 20rc. The corresponding reduced volumes of prolate vesicles are found to be 
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within the range of 0.7-0.8. The side, top and cross-sectional views of the prolate vesicles 

are shown in Figure 3.2 (c) – (e), respectively.  

To understand the role of volumetric confinement on the reduced volume, we 

examine the self-assembly of phospholipid and hairy lipid molecules in the absence of 

the confining walls (by using the same relative concentrations of the hairy lipids and the 

length of the hairs). 

 

Figure 3.9: Final configurations of the binary hairy vesicle at time t = 10,000τ for 

different soft repulsive interaction parameters between the tail groups of the 

phospholipids and hairy lipids given by (a) at1t2 = 31, (b) at1t2 = 50, and (c) at1t2 = 31, (d) 

at1t2 = 50, respectively for short and long tethers. Plots of the (e) minimum and maximum 

distance of the lipid head beads from the COM of vesicle, and (f) average line tension as 

function of at1t2. 
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Figure 3.10: A plot of the reduced volume of the self-assembled hairy vesicles as a 

function of the distance between two planar surfaces for different relative concentrations 

of the hairy lipids and tether lengths. 

 

Our results for the reduced volume, as shown in Table 3.7, indicate the formation of hairy 

vesicles which have a very similar morphology to the vesicles in a confined region with 

heights of 15rc and 20rc. We conclude the self-assembled morphology to be similar to that 

obtained in the bulk phase at these degrees of confinement. In order to increase the effect  

Table 3.7: The reduced volume and the x, y, z - principal axes of the self-assembled hairy 

vesicles for different relative concentrations of the hairy lipids and tether lengths in bulk 

conditions (without walls). 
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of the confinement, we set the distance between the planar surfaces to 10rc, and repeat the 

simulations examining the self-assembly of the phospholipid and hairy lipid molecules. 

An increase in the degree of confinement is found to favor the formation of disc-shaped 

(oblate) hairy vesicles, as captured by the side, top and cross-sectional views respectively 

in Figure 3.2 (f) – (h). The corresponding reduced volumes of oblate vesicles are found to 

be within the range of 0.8-0.9.  This result indicates a shape transformation of the hairy 

vesicles from prolate to oblate shape with an increase in the degree of confinement. We 

surmise that for sufficiently large distances between the planar walls, the prolate shape of 

the vesicle allows the self-assembled aggregate to maximize its rotational entropy about 

principal axes which are parallel or perpendicular to the planar walls. With a reduction in 

the separation distance between the walls, the vesicle maximizes its rotational entropy by 

adopting an oblate shape which enables rotation about a principal axes perpendicular to 

the plane of walls. The shape transformation from a prolate to an oblate shape has been 

theoretically shown in a previous study
169 

via the use of area difference elasticity model 

(ADE). Helal et al.
169 

investigated the stability of prolate and oblate shaped vesicles in a 

two-dimensional slit or one-dimensional cylinder by varying the degree of confinement. 

Although the reduced volumes for the prolate shaped vesicles are in good agreement with 

the model (υprolate > 0.65); the reduced volumes for the oblate vesicles was measured to be 

higher than those for prolate vesicles, contrary to their findings (υoblate < 0.65). This might 

be due to the fact that the self-assembly of vesicles, under the confinement, did not 

preserve the total volume or area of the membrane on account of the inter-monolayer 

asymmetric distribution of the hairy lipids, as shown in Table 3.8.  
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Table 3.8: The total outer surface area and enclosed volume of the self-assembled hairy 

vesicles for different relative concentrations of the hairy lipids and tether lengths at 

different degrees of confinement. 

 

 

We would like to note that Helal et al. use preconfigured vesicle shapes, and fixed 

enclosed volume and total area of the membrane. In addition they do not include the 

thermal fluctuations of the bilayer in their model. Further reduction in the separation 

distance between the planar walls (to 8rc) results in a stable bicellar morphology, as 

captured by the side, top and cross-sectional views respectively in Figure 3.2 (i) – (k). 

The corresponding reduced volumes of bicelles are found to be within the range of 0.3-

0.4. These results demonstrate that the morphology of the self-assembled vesicles can be 

finely tuned by harnessing suitable confinement conditions. These findings enable the 

design of stable hairy vesicles with a well-defined shape and low polydispersity for 

applications such as liposomal drug delivery and gene therapy.
170,171
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 The shape of the vesicle can also be characterized through the measurement of the 

principal axes
5
 of the resulting aggregates and the projections along the axes (through the 

mapping of the coordinates of the head beads in the outer monolayer onto an ellipsoid, as 

shown in Figure 3.11). In order to find the principal axes, the algebraic expression of  

 

 

 

 

 

 

 

Figure 3.11: An image that shows the principal axes (x, y and z) of the self-assembled 

binary hairy vesicle with a prolate morphology. 

 

 

the ellipsoid is formed in the matrix of the quadratic form. The ellipsoid is centered in the 

Cartesian coordinate system by first finding its center and then forming its corresponding 

translation matrix. The translation matrix can be used to determine the principal axes by 

solving the eigenvalue problem. We compute the projections along the principal axes of 

the self-assembled hairy vesicles both with and without volumetric confinement, for 

different relative concentrations of the hairy lipids, the length of the hairs and the 

distance between the surfaces of the walls. These results are shown in Table 3.7 (for bulk 

conditions) and in Table 3.9 (for channel heights of 8rc, 10rc, 15rc and 20rc). Our 

measurements of the principal axes are consistent with our previous observations; the 

self-assembled hairy vesicles in the bulk and in channels of heights 15rc and 20rc have 

prolate shapes, whereas the self-assembled hairy vesicles in a channel of height of 10rc 
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have oblate shapes. In addition, the self-assembled bicelles in a channel height of 8rc have 

disc-shaped morphology but they have longer x and y dimensions and shorter z 

dimension, compared to the dimensions of oblate vesicles present in a channel of height 

of 10rc. As shown in Table 3.7 and Table 3.9, the least variation in the vesicle dimensions 

is observed along the z-axis which coincides with the direction of confinement. We find 

that shape fluctuations due to the hydrodynamics and thermal fluctuations can be reduced 

by increasing the degree of confinement as is evidenced from the standard deviations of 

the projections along the principal axes.  

 

  

 

 

 

 

 

 

 

 

 

 

 

Table 3.9: The x, y, z - principal axes of the self-assembled hairy vesicles for different 

relative concentrations of the hairy lipids and tether lengths in the confinement with a 

channel height of 8rc, 10rc, 15rc and 20rc. 
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The interfacial line tension measurements (shown in Figure 3.12) on self-assembled hairy 

vesicle under confinement demonstrate a decrease in line tension with higher relative 

concentrations of the hairy lipids, similar to our observations in Section 3.3.4 for the bulk 

conditions. In addition, we do not observe the line tension of the self-assembled hairy 

vesicles to be influenced by the height of the confinement. 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: A plot of interfacial line tension of the self-assembled hairy vesicles as a 

function of tether concentration for different distances between two planar surfaces and 

different tether lengths. 

 

3.4 Chapter conclusions 

In this chapter, we have demonstrated the design of a stable hairy vesicle 

composed of phospholipid and pegylated lipid molecules via self-assembly, and 

identified the factors which control the shape of the vesicle. Our results demonstrate the 

relative concentration of the end-functionalized lipids, tether length, molecular stiffness, 

the degree of dissimilarity in the hydrocarbon tail groups and the volume of confinement 
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to determine the shape of the hairy vesicle. The asymmetric distribution of the hairy lipid 

molecules in the monolayers of the self-assembled hairy vesicles is caused by the 

excluded volume of the tethers, and is in good agreement with theoretical and 

experimental results.
49,51

 The shape of the hairy vesicle evolves from an ellipsoidal to a 

spherical morphology with increasing hydrocarbon tail stiffness of the phospholipid 

species, and the equilibrium morphology is found to depend upon the interplay between 

the packing of the molecular species and the excluded volume of the tethers. We have 

demonstrated a good correspondence between our results for the shape transformation of 

the hairy vesicles and experimental studies.
39-41

 In addition, as the degree of confinement 

increases, the prolate shaped vesicles transform into an oblate shape for different relative 

concentrations of the hairy lipids and the length of the hairs. We find our observations to 

be in good agreement with earlier theoretical investigations that demonstrate oblate 

vesicles to be increasingly favored over prolate vesicles as the degree of confinement 

increases.
169

 For a higher degree of confinement, we report the formation of stable 

bicellar structures.   

Chapter 4 

Modeling Interactions between Patchy Nanoparticles and Multi-

component Nanostructured Soft Biomaterials 

The publications relevant to details of the discussions provided in this section: 

 Aydin, F., Uppaladadium, G., Dutt, M., Controlling Interactions between Patchy 

Nanoparticles and Vesicles via Steric Stabilization. Submitted.  

 Aydin, F., Dutt, M., Modeling interactions between charged nanoparticles and 

multi-component vesicles. In preparation. 
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Contributions to this work: 

 Running the simulations 

 Writing the computer programs which are used to characterize the system 

 Performing the analysis and visualization of the system 

 Writing the manuscript 

 Implementing long range electrostatic interactions into  the implicit solvent CG 

MD model using Large-scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS).  

4.1 General overview  

The study of interactions between macromolecules and surfaces has attracted 

increasing attention in recent years due to their role in various biological applications 

such as design of efficient antifouling surfaces
172

, biomedical implants
173

 and drug 

delivery vehicles such as stable liposomes.
174

 Biocompatible materials are designed so as 

to completely eliminate or significantly reduce the adsorption of proteins onto a surface 

in order to avoid surface-induced thrombosis.
158,175

 One of the methods to prevent protein 

adsorption is through the grafting of polymer chains on to a surface by mimicking the 

protective polysaccharide layer on cell membranes.
174

 This approach has been used in 

liposomal therapeutic formulations to increase circulation time and steric stability.
47-51

 

Experimental studies include investigations of the interactions of PEGylated vesicles with 

plasma proteins like fibrinogen, hemoglobin
176,177

 or cytochrome c.
178

  

The study of interactions between various biomolecules can give us new insight 

into the design of biomaterials and biosensors as well as understanding the underlying 
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mechanisms of cellular activities.
179

 For example, electrostatic interactions between 

charged nanoparticles and cell mimetic membranes can be used to induce reorganization 

of the molecules in the bilayer. This will enable us to obtain biomaterials with different 

functional properties, varying from one spot to another.  

The interactions between NPs and biomembranes have been studied by using 

various computational techniques including the Molecular Dynamics (MD) simulation 

method
180-185

. We have adopted Dissipative Particle Dynamics (DPD) approach to 

understand the mechanisms and factors underlying the interaction between patchy 

nanoparticles (NPs) and hairy vesicles. In addition, we have used implicit solvent coarse-

grained molecular dynamics approach to investigate the effects of nanoparticle adsorption 

on the surface reconstruction of multicomponent vesicle. 

4.2 Modeling interactions between patchy nanoparticles and hairy 

vesicles via dissipative particle dynamics simulation technique 

4.2.1 Modeling and parameterization of system components 

Our system consists of a stable hairy vesicle composed of phospholipid and hairy 

lipid molecules, and patchy NPs in a hydrophilic solvent. We use the same models for 

phospholipids and hairy lipid molecules described in Chapter 3.  

 

 

 

 

Figure 4.1: Spherical patchy NP with a radius of 2.25rc 



87 

 

 

The NPs, shown in Figure 4.1, are hollow spheres composed of 312 hydrophilic beads 

with a patch covering 20% of the surface.  The patch is set to have highly favorable 

enthalpic interactions with the hydrophilic head group of the phospholipid molecules, or 

the tethers. The distance between the centers of neighboring beads of the NP is set to 

0.5rc. Three different sizes of NPs are used with the following radii: 0.75rc (small), 1.50rc 

(medium) and 2.25rc (large) that correspond respectively to 50%, 100% and 150% of the 

length of the long tethers. Experimental counterparts of the NPs can be proteins or drug 

molecules with moieties grafted on to its surface.
176

 We model the complex topography 

and asymmetric charge distribution of NPs via patchy spherical counterparts.
186

 

The soft repulsive interaction parameters between the patch (p), non-patch (n) 

beads of the NPs, tether (T), head (h), and tail (t) beads of lipid types 1 and 2, and the 

solvent (s) beads are assigned the values (in units of ): ass = 25, aps = 25, ans = 25, 

app = 50, ann = 50, anT = 25, aTT = 25, aTs = 25, ah1h1 = 25, at1t1 = 25, ah2h2 = 25, at2t2 = 25, 

ah1t1 = 100, ah1s = 25, at1s = 100, ah2t2 = 100, ah2s = 25, at2s = 100, aph1 = 25, anh1 = 25, anh2 

= 25, apt1 = 100, apt2 = 100, ant1 = 100, ant2 = 100, ah1T = 25, at1T = 100, ah2T = 25, at2T = 

100, ah1t2 = 100, ah2t1 = 100 and ah1h2 = 25. The repulsion between the NPs can represent 

the electrostatic repulsion between identically charged NPs. The attraction between the 

NP patch and the phospholipid head groups, or tethers, can represent attraction between 

oppositely charged moieties. For favorable enthalpic interactions between the patch and 

the phospholipid head groups, the soft repulsive interaction parameter is given by aph2 = 

5, with patch-tether interaction given by apT = 25. For favorable interactions between the 

patch and tether, the corresponding interaction parameters are aph2 = 25 and apT = 5.   

c

B

r
Tk
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All the other parameters pertaining to DPD simulation technique, time, length and energy 

scales are obtained from Section 2.2.2.  

4.2.2 Results and Discussion 

The hairy vesicles are composed of 1:1 mixture of phospholipids and hairy lipids; 

we examine hairy lipids with short and long tethers. We begin with a preassembled hairy 

vesicle, which is placed in a simulation box of dimensions 40 rc x 40 rc x 40 rc containing 

hydrophilic solvent beads. The total number of beads in the simulation box is 192,000. 

The simulation box has periodic boundaries along the three coordinate axes and a total of 

1178 phospholipid and hairy lipid molecules. A mixed stable hairy vesicle is obtained in 

a simulation spanning a time interval of 10,000τ. We introduce NPs into the simulation 

box such that they are outside the interaction range from the vesicle surface. The total 

number of beads is conserved by removing the corresponding number of solvent beads 

for each NP. We run the simulations until all the NPs interfacially adsorb onto the vesicle 

surface. The characterization for each system uses particle trajectories from four 

simulations which have identical initial conditions but different random seeds.  

We investigate two different scenarios for the interactions between the NPs and 

hairy vesicle: favorable enthalpic interactions between the NP patch with (A) the 

phospholipid head groups, and (B) the tethers. In part A, we perform the investigations 

for both the tether lengths. Where as part B, we focus on hairy vesicles composed of long 

tethers as they are more commonly used in the experimental studies.
46,49,50

 

A. NP adsorption promoted by favorable interaction between patch and 

phospholipid head groups 
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We begin with a hairy vesicle in the hydrophilic solution and place 4 large NPs at 

randomly selected locations in the simulation box. The initial configuration of the hairy 

vesicle with four patchy NPs, for both the short and long tethers is respectively shown in 

Figure 4.2 (a) and (b). The adsorption of the NP on to the phospholipid head groups will 

be determined by: (1) the degree of deterrence offered to the approach of the NP to the 

bilayer-solvent interface by the tethers, (2) the suitable orientation of the NP such that the 

patch faces the phospholipid head groups, and (3) whether the NP patch and the 

phospholipid head groups are within interaction range. Our results show that NPs diffuse 

in the solvent until a NP patch is able to bypass the tethers and approach the phospholipid 

head groups on the vesicle surface, such that they are within interaction range.  The 

highly favorable enthalpic interactions between the NP patch and the phospholipid head 

group results in the adsorption of NPs. This observation holds for hairy vesicles with 

different tether lengths, as shown in Figure 4.2 (c) and (d). 

 

Figure 4.2: Initial configuration of (a) binary component hairy vesicle composed of 

phospholipids (50%) and hairy lipid molecules with short tethers (50%), and 4 NPs 

placed outside the interaction range of the hairy vesicle, (b) binary component hairy 

vesicle composed of phospholipids (50%) and hairy lipid molecules with long tethers 

(50%), and 4 NPs placed outside the interaction range of the hairy vesicle, (c) short 

tether hairy vesicle with 4 NPs adsorbed onto the phospholipid head groups at t = 

160,000τ, (d) long tether hairy vesicle with 4 NPs adsorbed onto the phospholipid head 

groups at t = 160,000τ. 
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Our observations show that NPs are constantly hitting the hairy vesicle surface as 

they are diffusing in the solvent and are quite often are pushed away by the tethers. This 

is captured by the number of interactions between the NPs and long tethers as a function 

of time, as given in Figure 4.3.  

 

 

 

 

 

 

 

 

Figure 4.3:  A plot of number of interactions between nanoparticle and tethers as a 

function of time for 4 nanoparticles interacting with hairy vesicle composed of long 

tethers. 

 

A pair of beads is considered to be interacting if their center-to-center distance is less 

than the interaction cut-off distance (rc = 1). The number of interactions between the NPs 

and tethers constantly varies from zero to positive values until the first interaction occurs 

between a NP patch and the phospholipid head groups. From this point, the interaction 

count between the NP and the tethers varies about a positive value due to the neighboring 

tethers. The NPs and the phospholipid head groups can only reach close proximity to 

each other for regions with low tether density. We would like to note that high tether 

density promotes steric stabilization and decreases the interfacial adsorption of particles.
4
 

Our results show that the capture of the NP by the bilayer is not necessarily occurring via 
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direct approach of the NP patch towards the phospholipid head groups. We observe that 

some NPs are bypassing the tethers while their patches are oriented in a different 

direction to the vesicle surface, as shown in Figure 4.4 (a) and (b). After bypassing the 

tethers and having a close proximity to the vesicle surface, the NPs keep changing their 

orientation until their patches are within the interaction range from the nearby 

phospholipid head groups, as shown in Figure 4.4 (c). Upon orienting its patch towards 

vesicle surface, the first interaction occurs between the NP and a single phospholipid 

molecule, as demonstrated by Figure 4.4 (d). Following the initial interaction, there is a 

steep increase in the number of interactions between the NP patch and the phospholipid 

head groups. There onwards, the number of interactions quickly reaches a steady state 

value, as shown in Figure 4.4 (g). This demonstrates that the initial contact between the 

NP patch and the phospholipid head group activates the subsequent adsorption of the NP 

to a group of phospholipid molecules, as shown in Figure 4.4 (e) and (f). The number of 

phospholipid molecules interacting with each NP patch is found to be around 6-8, and 

this value does not change after the number of interactions reaches a steady value. In 

addition, we observe the NPs to be moving on the vesicle surface with a constant change 

in the phospholipid molecules that are within interaction range of the NP patch. 

We examine the time evolution in the interaction count between the NP patch and 

the phospholipid head group using four NPs for different tether lengths and simulation 

runs, as shown in Figure 4.5. We anticipate longer time intervals between subsequent NP 

absorption events for hairy vesicles with longer tethers. This premise is based upon the 

larger excluded volume and hence, higher steric hindrance exerted by the tethers on the 

approaching NPs. Where as there is some variability in the outcomes for the different 
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simulation runs, we observe the adsorption of the NPs to occur in a relatively shorter 

interval of time for hairy vesicles with short tethers. Figure 4.5 (b) shows some of the 

NPs to take longer than 160,000τ tethers. Figure 4.5 (b) shows some of the NPs to take  

 

Figure 4.4: Images of the capture of a single NP by phospholipid head groups of a hairy 

vesicle composed of long tethers at (a) t = 2130τ, (b) t = 2230τ, (c) t = 2300τ, (d) t = 

2320τ, (e) t = 2340τ, (f) t = 2380τ and (g) a plot of the number of interactions between 

NP patch and tethers as a function of time during the capturing process. 
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Figure 4.5: Plots of the number of interactions between the NP patch and phospholipid 

head groups as a function of time for 4 NPs interacting with hairy vesicle composed of 

(a) short and (b) long tethers. The simulations of hairy vesicles composed of short and 

long tethers have been run for a total time of 80,000τ and 160,000τ, respectively. The 

measurements from four simulation runs using different random seeds are shown 

separately in the plot. 
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longer than 160,000τ to adsorb onto the surface of a vesicle with long tethers. We find 

that prior adsorbed NPs do not affect the number of phospholipid head groups interacting 

with the subsequently adsorbing NPs, so there is no limiting effect of the availability of 

phospholipids on the adsorption dynamics of multiple NPs. We repeat the studies using 

eight and twelve NPs. As the number of NPs increases, the absorption time per NP is  

found to decrease, as shown in Figure 4.6. 

 

Figure 4.6: Plots of number of interactions between nanoparticle patch and phospholipid 

head groups as a function of time for (a) 8, (b) 12 nanoparticles interacting with hairy 

vesicle composed of short tethers and (c) 8, (d) 12 nanoparticles interacting with hairy 

vesicle composed of long tethers. The simulations of hairy vesicles composed of short and 

long tethers have been run for a total time of 80,000τ and 160,000τ, respectively. The 

measurements of four simulation runs using different random seeds are shown separately 

in the plot. 
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The adsorption time is defined to be the time interval spanning the beginning of the 

simulation to the time the NP gets adsorbed onto the vesicle surface. A possible 

explanation for this observation might be the unfavorable enthalpic interactions between 

the NPs that constrain their diffusion in the solvent, effectively pushing the NPs towards 

the vesicle surface. This would accelerate the adsorption of the NPs onto the vesicle 

surface. We would like to note that interaction count measurements demonstrate each NP 

to interact with approximately the same number of phospholipid head groups, as is 

evidenced from the number of interactions between the NP patch and the phospholipid 

head groups for different number of NPs shown in Table 4.1.  

 

Table 4.1: A comparison of the number of interactions between NP patch – phospholipid 

head groups and NP patch – tethers after all the NPs adsorb on to the vesicle. 

 

In order to understand the role of tether concentration on the adsorption time of 

the NPs, we measure the number of NPs adsorbed within a time interval of 30,000τ for a 

range of relative concentration of the hairy lipids spanning 10% to 50%. We use lipids 

with short and long tethers and twelve NPs, for the adsorption time measurements. We 

also examine the influence of NP size on the adsorption time. We do not observe the 

small NPs to get adsorbed on to the vesicle surface with the long tethers, regardless of 

tether concentration. For the medium and large sized NPs, we find the number of 

Interaction 

type 
  Interaction 

count 

  (4 nanoparticles) 

Interaction 

count 

(8 nanoparticles) 

Interaction  

count 

(12 nanoparticles) 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

Lipid 

head- 

NP 

490±30 970±50 1440±60 

Tether- 

NP 

490±40 970±50 1450±60 
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adsorbed NPs to decrease linearly with increasing relative concentrations of the hairy 

lipids with longer tethers, as shown in Figure 4.7. We observe a similar linear decrease 

for the small and medium sized NPs (whose dimensions correspond respectively to 100% 

and 150% of the length of the short tethers) on to the vesicle surface with the short 

tethers. 

 

Figure 4.7: A plot of the number of NPs adsorbed on to the phospholipid head groups of 

hairy vesicle composed of short and long tethers as a function of tether composition (0.1 

to 0.5) respectively for the NP radius of 0.75rc and 1.50rc, and the NP radius of 1.50rc 

and 2.25rc. The simulations have been run for a total time of 30,000τ and each data point 

has been averaged over four simulation runs using different random seeds. 

 

These results are in a good agreement with previous theoretical
158

 and experimental 

findings
159,160

 that report a linear decrease in the adsorption of proteins (such as lysozyme 

and fibrinogen) on a gold surface covered with short oligomeric polyethylene oxide 

chains. In addition, we demonstrate that the adsorption of the NPs to decrease with its 

dimensions. This observation is found to be independent of the relative concentration of 
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the hairy lipids. The difference in the number of adsorbed NPs is small when the size of 

the NPs is comparable to the length of the tethers (for the medium and large sized NPs). 

When the size of the NPs is smaller than the length of tethers, there are no adsorption 

events. These results agree with previous findings that show the amount of protein 

adsorbed on the surface becomes independent of the polymer chain length when the 

thickness of the polymer layer is greater than the protein size.
187

  

We measure the residence time to understand the dynamics of the phospholipids 

interacting with the NPs following their adsorption. We define the residence time as the 

number of times a phospholipid molecule is found to be interacting with a NP during a 

time interval spanning 10,000τ. For this measurement, we track the interactions between 

the phospholipid head groups and the NP patch at time intervals of 50τ. A phospholipid 

molecule can have a maximum residence time of 200 (10,000τ / 50τ) if it is in contact 

with a NP patch during the entire interval of the measurement. The residence time 

distribution is obtained by binning the number of phospholipid molecules based upon 

their residence time. For these measurements we use four, eight and twelve large NPs, 

and hairy lipids with short and long tethers, as respectively shown in Figure 4.8. Our 

results demonstrate the population of the lipid molecules interacting with the NP patch to 

be in flux. The phospholipid molecules diffuse in the bilayer until they are within 

interaction range of the NP patch. These molecules will interact with the patch for a short 

time interval before diffusing away. This behavior is captured by a large population of 

phospholipid molecules with short residence times. We observe an increase in the 

residence time of the phospholipids with the number of NPs, as shown by the residence 
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time distribution shifting towards the right. We surmise that a higher number of adsorbed 

NPs results in a smaller number of phospholipids that are free to diffuse in the bilayer, 

 

Figure 4.8: Residence time measurements of NPs after their adsorption on to the 

phospholipid head groups of hairy vesicle composed of short and long tethers for (a) 4, 

(b) 8 and (c) 12 NPs. 
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and can contribute to the population of phospholipids interacting with the patch but are in 

flux. This effect also explains the difference between the residence time distributions for 

vesicles with the short and long tethers since all the NPs were unable to adsorb on to the 

hairy vesicle with the long tethers in the prescribed time interval, as discussed earlier.  

The simulations have been run for a total time of 10,000τ and each data point has been 

averaged over four simulation runs using different random seeds. 

B. NP adsorption promoted by interaction between patch and tethers  

 We have also examined the effect of highly favorable interactions between the NP 

patch and the tethers. These investigations were performed on a hairy vesicle with long 

tethers, with four, eight and twelve large NPs. For these studies, we use the following soft 

repulsive interaction parameters between the NP patch, and the phospholipid head groups 

and the tethers: aph2 = 25 and apT = 5. 

We repeat the investigations by placing a hairy vesicle and the NPs in a 

simulation box such that the NPs are outside the interaction range from the vesicle 

surface. The NPs will diffuse in the solution (as shown in Figure 4.9 (a), for a single NP) 

until they lie within an interaction range from the tethers. The capture of the NP by the 

tethers is activated by an initial contact between NP patch and a tether bead, as evidenced 

by Figure 4.9 (b). This is immediately followed by the interaction of two to three tethers 

with the patch, and the reorientation of the NP to maximize the interactions between the 

patch and the tethers, as respectively shown in Figure 4.9 (c) and (d). We observe the 

number of interactions between the patch and the tethers to reach a steady state value, as 

shown in Figure 4.9 (e). Similar to our observations for favorable patch – phospholipid 
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head group interactions, we observe the NPs to move on the vesicle surface following 

their adsorption onto the tethers. 

 

Figure 4.9: Images of the capture of single NP by tethers of hairy vesicle composed of 

long tethers at (a) t = 95τ, (b) t = 125τ, (c) t = 130τ, (d) t = 180τ, and (e) a plot of 

number of interactions between NP patch and tethers as a function of time during the 

capturing process. 
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We measure the time evolution of the interaction count between the patch and the 

tethers, for different number of NPs introduced simultaneously into the system, as shown 

in Figure 4.10. A comparison of the interaction counts between the patch and the 

phospholipid head group with that corresponding to the patch and the tethers indicate no 

significant differences for a given number of adsorbed NPs (see Table 4.1). This implies 

that a NP does not adsorb onto a single tether; instead it maximizes the favorable 

enthalpic interactions by adsorbing onto multiple tethers. The notable difference between 

patch – head and patch – tether interaction plots (see Figures 4.5 and 4.10) is absence of 

the discrete increase in the interaction count in the latter with the adsorption of the NPs. 

In addition, the time required for all the NPs to adsorb onto the tethers is significantly 

shorter than the adsorption time of the NPs onto the phospholipid head groups. The latter 

can be attributed to the lack of steric hindrance by the tethers, which facilitates the 

adsorption of the NPs onto the tethers. 

We measure the residence time for the systems exhibiting favorable interactions 

between the patch and the tethers, for four, eight and twelve large NPs introduced 

simultaneously into the solution. We define the residence time as the number of times 

that a tether is found to be in contact with a patch during the time interval of 10,000τ. For 

this measurement, we track the interactions between the tethers and a patch at intervals of 

50τ.  

To understand the distinctive behavior of adsorbed NPs on phospholipid head 

groups and tethers, we compare the respective residence time distribution while ensuring 

that the same number of NPs is adsorbed in the time interval of 10,000τ. Figure 4.11 

shows the residence time measurements for systems with favorable interactions between 
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the patch and the phospholipid head group (for short tethers) and the patch and the tethers 

(for long tethers). Our calculations demonstrate the residence time distribution for 

 

Figure 4.10: Plots of number of interactions between NP patch and tethers as a function 

of time for (a) 4, (b) 8, (c) 12 NPs interacting with hairy vesicle composed of long tethers. 

The simulations have been run for a total time of 80,000τ. The measurements from four 

simulation runs using different random seeds are shown separately in the plot. 
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systems with favorable enthalpic interactions between the patch and the tethers to support 

short-lived interactions. We surmise that the conformational entropy of the tethers will 

 

Figure 4.11: Residence time measurements of NPs following their adsorption on to the 

phospholipid head groups of the hairy vesicle composed of short tethers and tethers of 

hairy vesicles composed of long tethers for (a) 4, (b) 8 and (c) 12 NPs. The simulations 

have been run for a total time of 10,000τ and each data point has been averaged over 

four simulation runs using different random seeds. 
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reduce the lifetime of the interactions between the patch and the tethers. Another possible 

contribution is the higher degree of obstruction encountered by the NPs adsorbed on to 

the phospholipid head groups during their lateral diffusion due to the excluded volume of 

the tethers. The excluded volume of the tethers would constrain the motion of the NPs 

and phospholipids, thereby increasing the lifetime of their interactions. The decrease in 

the lateral diffusion of adsorbed proteins on a liposome surface by grafted PEG chains 

has been previously shown in experiments.
178

 As the total number of adsorbed NPs 

increases, we observe the residence time distribution to favor longer lived interactions 

due to the decreasing population of tethers and phospholipids which are available to 

participate in new interactions with the NP patch.  

4.3 Modeling interactions between charged nanoparticles and multi-

component vesicles via implicit solvent coarse-grained molecular 

dynamics simulation technique 

4.3.1 Modeling and parameterization of system components 

We have used an implicit solvent model introduced by Cooke and Deserno
77

 (as 

described in Sections 2.4.1 and 2.4.2) to develop a coarse-grained representation of two-

tail lipid molecules which we extend to implement screened electrostatic interactions in 

the model. Our system consists of a stable multicomponent vesicle composed of 

zwitterionic and neutral lipid molecules, and NPs with negatively charged patches.  A 

lipid molecule is represented by a bead-spring model with one head group encompassing 

three hydrophilic beads and two hydrocarbon tail groups composed of three hydrophobic 

beads each, as shown in the Figure 4.12 (a). We use a multicomponent vesicle composed 

of zwitterionic and neutral lipid molecules. Positive and negative charges are added into 
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two hydrophilic beads in the head group of zwitterionic lipid molecules, as shown in 

Figure 4.12 (b). The experimental examples of zwitterionic and neutral lipid molecules 

are dipalmitoylphosphatidylcholine (DPPC) and 1,2-dipalmitoyl-sn-glycerol, 

respectively. Same bonded and non-bonded potentials (as detailed in Section 2.4.2) are 

used to model attractive and repulsive interactions between lipid beads. In addition, 

screened electrostatic interaction between the charged groups is modeled via the Yukawa 

potential 
r

e
ArU

kr

)( (for r < rc
elec

) where 1/k is the Debye screening length and rc
elec

 is 

the cutoff distance for screened electrostatic interactions. The cut-off distance is chosen 

as rc
elec

 = 6σ.  A is a constant which embodies the strength of the electrostatic potential 

and given by 
 0

21

4

qq
A   where q1 and q2 are charges belong to charged groups, ε0 is 

vacuum permittivity and ε is dielectric constant of water. The strength of the screened 

electrostatic interactions will be determined by the concentration of the counterions. We 

choose 1/k = 1 nm which corresponds to Debye length for 0.1 M solution of a 

monovalent salt and is commonly used approximation of the cytoplasm.
188

 DPPC 

phospholipid molecule has positively charged choline and negatively charged phosphate 

groups which bear charges +e and –e, respectively (e = 1.602x10
-19 

C). By using ε0 = 

8.854x10
-12 

C
2
/Nm

2
 and ε = 80, we get A ~ ± kbT for the electrostatic interactions 

between charged groups of DPPC phospholipid molecules.  

The NPs, shown in Figure 4.12 (c), are hollow spheres composed of 312 

hydrophilic beads with a patch covering 20% of the surface and the radii of 2.25.  The 

patch is set to be negatively charged (anionic patch) so it has highly favorable 

interactions with the positively charged head bead of phospholipid molecule. The 
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remaining part of NP is modelled as neutral. Experimental counterparts of the NPs can be 

proteins, drug molecules or synthetic particles with moieties grafted on to its surface.
176 

We model the complex topography and asymmetric charge distribution of NPs via patchy 

spherical counterparts.
186

 Negatively charged nanoparticles can be obtained by modifying 

the surface of white polystyrene (PS) latex with carboxyl groups (~0.91e
-
/nm

2
).

179
 The 

surface area of the NP patch is found to be 4.4 nm
2
, which corresponds to qpatch ~ 4e

-
 by 

using the charge density of 0.91 e
-
/nm

2
.   For the attractive interactions between the 

negatively charged patch and the positively charged phospholipid head bead, A parameter 

is found to be -4kBT. Similarly, for the repulsive interactions between the negatively 

charged patch and the negatively charged phospholipid head bead, A parameter is found 

to be +4kBT. In addition, A parameter for patch – patch interactions is set to +16kBT by 

using the previously defined relation
 0

21

4

qq
A  . All the remaining interactions between 

NP and lipid molecules are described by WCA potential with ε = 1, rc = 2
(1/6)

 b and b = σ.  

 

 

 

 

Figure 4.12: Images of the (a) neutral lipid molecule, (b) zwitterionic 

phospholipid molecule such as DPPC, and (c) spherical NP with a negatively charged 

patch. NP has a radius of 2.25rc. 

 

The simulations were run in the canonical ensemble using the Langevin 

thermostat with three dimensional periodic boundary conditions. The simulation box 

dimensions were set to 60 x 60 x 60 The total number of beads in the system was 

36000 which corresponds to a lipid density of 0.019 lipids per 

. The simulation time 
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step was set to δt = 0.01τ. All the other parameters pertaining to implicit solvent CG MD 

simulation technique, time, length and energy scales are obtained from Section 2.4.2 and 

Section 2.4.3.
 

4.3.2 Results and discussion 

The binary component vesicles are composed of 1:2 mixture of zwitterionic 

phospholipids and neutral lipids. We begin with a preassembled binary component 

vesicle, which is placed in a simulation box of dimensions 60 σ x 60 σ x 60 σ. The total 

number of lipid beads in the simulation box is 36000. The simulation box has periodic 

boundaries along the three coordinate axes and a total of 4000 zwitterionic phospholipid 

and neutral lipid molecules. A mixed stable vesicle is obtained in a simulation spanning a 

time interval of 100,000τ. We introduce NPs into the simulation box such that their 

center-of-masses are 6σ away from the vesicle surface. We run the simulations until all 

the NPs interfacially adsorb onto the vesicle surface. The characterization for each 

system uses particle trajectories from four simulations which have identical initial 

conditions but different random seeds.  

We start with a mixed vesicle composed of zwitterionic and neutral lipid molecules 

in implicit solvent conditions and place 24 charged patchy NPs at randomly selected 

positions in the simulation box, as shown in Figure 4.13. The strong electrostatic 

interactions between the negatively charged NP patch and the positively charged 

phospholipid head group result in the adsorption of NPs while vesicle keeps its integrity, 

as shown in Figure 4.13. This is consistent with the previous studies demonstrating that 

anionic and cationic NPs adsorb to the PC group of phospholipids and liposomes 

maintain their integrity in the presence of adsorbed NPs on their surface.
179 
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We examine the time evolution in the interaction count between the negatively 

charged NP patch and the positively charged phospholipid head group using 24 NPs, as 

shown in Figure 4.14. A pair of beads is considered to be interacting if their center-to-

center distance is less than the cut-off distance (rc = 1.07) based on WCA potential. We 

observe the adsorption of the NPs to occur in a very short interval of time as the NP patch 

is already present within the interaction range of phospholipid head groups at the 

beginning of the simulation run. The system is setup in this way due to the lack of solvent  

 

 

 

 

 

 

 

Figure 4.13: (a) Initial configuration of binary component vesicle composed of 

zwitterionic phospholipids (33%) and neutral lipid molecules (67%), and 24 NPs with 

negatively charged patches randomly placed outside the vesicle surface, (b) binary 

component vesicle with 24 NPs adsorbed onto the phospholipid head groups at t = 

100,000τ. 

 

molecules. Solvent could be used to bring NPs into close proximity of phospholipid head 

groups via hydrodynamic forces, as we observe in Section 4.2.2 by using DPD approach. 

We demonstrate that there is a steep increase in the number of interactions between the 

NP patch and the phospholipid head groups and it quickly reaches a steady state value. 

The number of phospholipid molecules interacting with each NP patch is found to be 

around 6-12, and this value does not change after the number of interactions reaches a 

(a) (b) 
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steady value. We find that prior adsorbed NPs do not affect the number of phospholipid 

head groups interacting with the subsequently adsorbing NPs, so there is no limiting 

effect of the availability of phospholipids on the adsorption dynamics of multiple NPs, 

similar to our observations in Section 4.2.2.  

We measure the residence time to understand the dynamics of the phospholipids 

interacting with the NPs via electrostatic interactions following their adsorption. We 

define the residence time as the number of times positively charged head group of a 

phospholipid molecule is found to be interacting with negatively charged patch of a NP 

during a time interval spanning 80,000τ. For this measurement, we track the interactions 

between the phospholipid head groups and the NP patch at time intervals of 100τ. A 

phospholipid molecule can have a maximum residence time of 800 (80,000τ / 100τ) if it  

 

Figure 4.14: Plot of the number of interactions between the negatively charged NP patch 

and positively charged phospholipid head groups as a function of time for 24 NPs 

interacting with binary vesicle composed of zwitterionic phospholipids (33%) and neutral 

lipid molecules (67%). The simulations have been run for a total time of 100,000τ. The 

interaction count has been averaged over four simulation runs using different random 

seeds.  
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is in contact with a NP patch during the entire interval of the measurement. The residence 

time distribution for a system composed of 4000 lipid molecules and 24 NPs is obtained 

by binning the number of phospholipid molecules based upon their residence time, as 

shown in Figure 4.15. Our results demonstrate that a large population of phospholipid 

molecules has long lasting interactions with the NP patch, evidenced from the fact that 

residence time distribution is completely shifted towards right. This indicates that 

phospholipid molecules are not diffusing away after interacting with NP patch for a short 

time interval. One of the reasons for long lasting interactions between phospholipid head 

groups and NP patch could be the absence of solvent molecules in the implicit solvent 

CG MD approach, where NPs lack the momentum resulted from solvent molecules. 

 

 

 

 

 

 

 

 

Figure 4.15: Residence time measurements of 24 NPs after their adsorption on to the 

phospholipid head groups of binary component vesicle composed of zwitterionic 

phospholipids and neutral lipid molecules. 

Another reason could be the formation of distinct domains of zwitterionic lipid molecules 

at the site of interaction, which are surrounded by neutral lipid molecules. We observe the 

formation of the domains upon the adsorption of NPs on the vesicle surface, as shown in 

Figure 4.16. The reconstruction of the vesicle surface by the formation of small domains 
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is also captured quantitatively via measuring number of interactions between the head 

groups of zwitterionic lipid molecules, as shown in Figure 4.16 (c). We surmise that 

strong electrostatic interactions between phospholipid head groups and NP patches 

prevent phospholipid molecules from diffusing away in a short time interval.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: (a) Initial configuration of zwitterionic phospholipid molecules within the 

interaction range of NPs before their adsorption. (b) Formation of small domains 

composed of zwitterionic phospholipid molecules upon adsorption of NPs on to the 

vesicle surface. (c) Plot of the number of interactions between phospholipid head groups 

as a function of time during the adsorption of NPs on to the vesicle surface. 
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4.4 Chapter conclusions 

We have demonstrated the interactions between a stable vesicle and NPs can be 

controlled via steric stabilization through the use of DPD approach. We implement the 

steric stabilization on the vesicle by using a mixture of phospholipids and hairy lipids. 

We identified the factors which control the adsorption of NPs on the vesicle surface as 

well as their behavior on the surface after the adsorption. Our results demonstrate the 

relative size of the NPs to the tether length, the relative concentration of the hairy lipids 

and the relative affinity of the NP patch for the tethers and phospholipid head groups to 

determine the adsorption behavior of the NPs. The decrease in the adsorption of NPs onto 

the vesicle surface with increasing concentration of hairy lipids is found to be good 

agreement with previous experimental and theoretical studies on the adsorption of 

proteins on a gold surface covered with short oligomeric polyethylene oxide.
158-160

 The 

residence time measurements show the NPs to be moving over the surface of the vesicle, 

and the lateral diffusion of the NPs to be obstructed by the presence of hairy lipid 

molecules, which is in a good agreement with experimental results.
178

  

In addition, we demonstrate the formation of binary component vesicle composed 

of zwitterionic and neutral lipid molecules via the use of implicit solvent CG MD 

approach. We investigated the interactions of NPs with negatively charged patches with 

the positively charged head group of phospholipid molecules as well as the behavior of 

NPs on the vesicle surface after the adsorption. We demonstrated the adsorption of 

charged NPs to induce reorganization of phospholipid molecules on the vesicle surface. 

The residence time measurements show the NPs to have long lasting interactions with 

phospholipid head groups, as opposed to our observations in the interactions of NPs with 
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the surface of hairy vesicle using DPD approach. This difference could be resulted from 

the absence of solvent molecules in the implicit solvent CG MD approach, where NPs 

lack the momentum resulted from solvent molecules. Another reason can be the 

formation of distinct domains on the vesicle surface due to the strong electrostatic 

interactions between NP patch and phospholipid head groups, as we do not observe any 

domain formation for the interactions of NPs with phospholipids using DPD approach.  

 

Chapter 5 

Conclusions 

To summarize, we carried out our investigations on the multi-component bio-

inspired phospholipid vesicles composed of phospholipid species with different 

interfacial areas or hydrocarbon tail groups in both hydrodynamic and non-hydrodynamic 

conditions in order to understand the factors affecting the organization, stiffness, shape 

and stability, and the underlying mechanisms of the interactions between biological 

particles or synthetic particles with them by using two different coarse-grained MD based 

simulation methods. We utilized DPD method to capture the hydrodynamic effects and 

the coarse-grained implicit solvent MD to capture larger length and time scales. Using 

these modeling tools enabled us to address physical phenomena at a desired spatio-

temporal scale such as length scale from 1 nm up to 1 µm and time scale from nano-

seconds to micro-seconds.  

In chapter 2, we focused on the development of the vesicle models by using more 

realistic coarse-grained representations of lipid molecules such as double tail 
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phospholipid species. We investigated the formation of single and binary lipid vesicles 

composed of two-tail amphiphilic lipid molecules and coarsening dynamics in a two-

component vesicle composed of phospholipid molecules with distinct chemical properties 

in hydrodynamic and non-hydrodynamic conditions using DPD and implicit solvent CG 

MD, respectively. We demonstrated that the degree of dissimilarity between the 

phospholipid species affects their ability to form distinct domains in the lipid bilayer and 

the occurrence of macroscopic phase separation for phospholipid mixtures composed of 

species with different hydrocarbon tail groups. We observed the characteristics of the 

macroscopic phase segregation to agree with earlier numerical, theoretical and 

experimental studies. We showed that the variations in the molecular chain stiffness 

affect the structural properties and shape transformations of the vesicle but have no effect 

on the phase segregation process.  We did not observe significant changes in the bilayer 

thickness and the area per lipid for different mixtures of lipid species in both techniques. 

We obtained the relation between phase segregation in the multicomponent vesicles and 

thermodynamic variables such as interfacial line tension and surface tension via the use 

of DPD approach, and they were found to be consistent with theoretical and experimental 

studies. We found our investigations on the effects of temperature on the physical 

properties of single component lipid vesicles to agree with experimental results via the 

use of CG MD approach.  

In chapter 3, we designed sterically stable biocompatible vehicles aka “hairy 

vesicles” encompassing two species of phospholipids with different interfacial areas and 

hydrocarbon tail groups via self-assembly and identified the factors which control the 

shape of the vesicles. The relative concentration of the end-functionalized lipids, tether 
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length, molecular stiffness, degree of dissimilarity in the hydrocarbon tail groups, and the 

volume of confinement were found to determine the shape of the hairy vesicle. The 

asymmetric distribution of the hairy lipid molecules in the inner and outer monolayers of 

the self-assembled hairy vesicles was shown to occur due to the excluded volume of the 

tethers, and we found these results to be in good agreement with theoretical and 

experimental results.
 
The final equilibrium morphology of the hairy vesicles was shown 

to depend upon the packing of the molecular species, and the excluded volume of the 

tethers. The transition from an ellipsoidal to a spherical morphology is promoted with 

increasing hydrocarbon tail stiffness while the excluded volume of tethers counteracts 

this transition by disrupting the tight packing of the molecules. These observations for the 

shape transformation of the hairy vesicles were found to agree with experimental studies. 

In addition, the degree of confinement was found to cause the prolate shaped vesicles to 

transform into an oblate shape for different relative concentrations of the hairy lipids and 

the length of the hairs, which was found to be in good agreement with earlier theoretical 

investigations. The formation of stable bicellar structures was found to be favored with a 

higher degree of confinement. 

In chapter 4, we demonstrated that the relative size of the NPs to the hair length, 

and the relative concentration of the hairy lipids to affect the adsorption behavior of the 

NPs on two different vesicle surfaces: (i) phospholipid head groups and (ii) hairs. The 

amount of adsorbed NPs was found to decrease significantly as their dimensions get 

smaller than the length of the hairs. We also found that the number of adsorbed NPs 

decreases linearly with increasing relative concentrations of the hairy lipids, which is in 

good agreement with previous experimental and theoretical studies of nanoparticle 
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adsorption on the surfaces decorated with short tethers. Thus, the hairs provide a means 

of regulating the adsorption of NPs onto the biocompatible vesicles. We demonstrated 

that the adsorption behavior of the NPs to depend on the relative affinity of the NP patch 

for the tethers and phospholipid head groups. A shift in the relative affinity of the NPs 

towards the tethers facilitates their adsorption due to the lack of steric hindrance, and this 

result in a significant reduction in the adsorption time of the NPs onto the vesicle surface. 

Our measurements showed that adsorbed NPs are moving over the surface of the vesicle 

instead of anchoring to a specific location, and their lateral diffusion is obstructed by the 

presence of hairy lipid molecules. 

In the second part of this chapter, we demonstrated the formation of binary 

component vesicle composed of zwitterionic and neutral lipid molecules via the use of 

implicit solvent CG MD approach. In order to achieve this goal, we implemented 

screened electrostatic interactions in the implicit solvent CG MD model by using Yukawa 

potential. By using this reduced model, we investigated the interactions between NPs 

with negatively charged patches and the positively charged head group of phospholipid 

molecules. We demonstrated the adsorption of charged NPs to cause reconstruction of the 

vesicle surface by inducing reorganization of phospholipid molecules in the lipid bilayer. 

The residence time measurements show the NPs to have long lasting interactions with 

phospholipid head groups, as opposed to our observations in the interactions of NPs with 

the surface of hairy vesicle using DPD approach. This difference could be resulted from 

two possible reasons. One of the reasons is the absence of solvent molecules in the 

implicit solvent CG MD approach, where NPs lack the momentum resulted from their 

interactions with solvent. The other reason can be that strong electrostatic interactions 
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between the negatively charged NP patch and positively charged phospholipid head 

groups induce the formation of distinct domains on the vesicle surface and NPs are 

anchored to these domains. We do not observe any domain formation for the interactions 

of NPs with phospholipids using DPD approach as NP – phospholipid interactions are 

found to be quite transient.  

Overall, the aim of this dissertation is to understand the underlying mechanisms 

that affect the organization, shape, stiffness and interfacial stability of biomaterials and 

their interactions with biological or synthetic particles. Each chapter demonstrated the 

cooperative relations among these factors which determine the final structural and 

functional state of the lipid based systems by using suitable modeling tools which can 

address physical phenomena at longer time and length scales such as length scale from 1 

nm up to 1 µm, and time scale from nano-seconds to micro-seconds.  

Future directions 

Our investigations can be extended to model larger model bilayer systems which 

mimic the composition of the cell membranes by introducing other cellular components 

such as various phospholipid species, sterols, carbohydrates and membrane proteins. This 

will enable us to validate our models against experimental results, and use the models for 

predicting the processes and mechanisms underlying the interactions of biological or 

synthetic nanoparticles with cell membranes. One type of critical cellular component with 

a potential interest to model in the future scope of this research is actin cytoskeleton 

system. The cytoskeleton is a polypeptide network that surrounds the inner monolayer of the 

cells and play important role in the structural integrity and physiological functions of the cells 

by controlling their stiffness, shape and mobility. The bilayer-actin cytoskeleton system with 
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various membrane proteins can be modeled in order to understand the role of cytoskeletal on 

the interaction between nanoparticles and cell membranes as well as the impact of these 

interactions on the organization of membrane proteins.  

One of the challenges in transporting drug delivery vehicles through blood 

capillaries is their disruption and rupture before delivering their cargo to the target cells. 

In order to design drug delivery systems with improved transportation efficiency in blood 

capillaries, it is important to investigate the shape characteristics of sterically stable 

bioinspired vesicles or “hairy vesicles” in more realistic environment such as during their 

flow through blood capillaries.  Cylindrical microfluidic channels and Poiseuille flow in 

the channel can be implemented to model the transport of hairy vesicles in the blood 

capillaries. These models can be used to investigate various effects such flow rate and 

vesicle composition on the deformation dynamics and morphology of the vesicles, which 

would be difficult to study by using real-time in vivo conditions. 

Another future direction in line with the objectives of this dissertation work is 

developing a computational model by coupling implicit solvent coarse-grained molecular 

dynamics model with a Lattice-Boltzmann fluid in order to design and characterize 

nanostructured soft materials. Lattice-Boltzmann fluid can be used to implement long range 

hydrodynamic effects in the system instead of using computationally expensive explicit 

solvent molecules. This hybrid model can be used to generate a stable vesicle composed of 

single and multiple phospholipid species in order to investigate physiological processes 

occurring on the mesoscopic spatio-temporal scales. The results of these investigations 

can be used for the design and prediction of novel hybrid soft and bio-materials at the 

mesoscale for various applications in medicine, sensing and energy. 
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