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ABSTRACT OF THE THESIS 

Interfacial and Transport Phenomena of Bioinspired Vesicles 

By Xiaolei Chu 

 

Thesis Director: 

Dr. Meenakshi Dutt 

 

In the design of drug delivery vehicles, self-assembled nanostructured materials 

such as liposomes, polymerosomes and hybrid biomaterials bears increasing attentions. 

The key challenges in the optimal modification of these soft materials is the prediction of 

resultant morphologies in favor of circulation time, as well as the optimization of surface 

properties to adjust the interactions between bio-inspired materials with nanoparticles and 

bio-macromolecules such as peptides, proteins and nucleic acids.  One of the ways to 

overcome these challenges is through the development of flexible modeling tools to 

address physical phenomena under a mesoscopic scale, allowing us to deeply investigate 

interfacial problems of nanostructured materials in a dynamic approach. In this work, we 

utilize the Dissipative Particle Dynamics simulation technique to examine the interaction 

between peptide mimetic nanoparticles (nanopin) and multicomponent vesicles. We study 

the role of nanopin architecture and cholesterol concentration on the capture of the 

nanopins by the bilayer, their insertion and post-insertion self-organization. Furthermore, 

we investigate the transportation of hybrid vesicle with various concentrations of end-

functionalized lipids. We draw correlation among the morphology, composition and 

mechanical properties of the vesicle and flow conditions. Our results can potentially help 
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in the design of drug delivery system with respect to their transport in blood capillaries, and tissue 

engineering for the design of microfluidic devices with better in-vivo transportation efficiency. Our 

study can also provide guidelines for designing peptide-mimetic nanoparticles or 

macromolecules which can interface with living cells to serve as sensors for applications 

in medicine, sustainability and energy.  
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Chapter 1 

Introduction and Objectives 

Cell membrane plays a vital role in supporting cell living as an interface that enables mass 

and energy exchanges between cytoplasm and extracellular solution. The complexity of 

the surface of a cell enables it to present myriads of kinds of responses and reactions to the 

contacts from all kinds of molecules and this complexity even varies among types of cells 

which results into distinct functionalities throughout the body. Apart from the unique 

mechanical property of lipid membrane, we’ve recognized that the function of biological 

sensing is mostly realized via the decorated molecules such as membrane protein, peptide 

and nucleotides embedded in the lipid membrane. These molecules are in continuous 

recycling in which inactive molecules are decomposed and new ones are accommodated 

into the membrane from both inside and outside the cell. Researchers have investigated 

membrane perturbation induced by Antibacterial peptides (AMP) to fungi, bacterial and 

even tumor cells.1-20 The dynamic of perturbation involves insertion of AMPs into the 

membrane before they start to bind intracellular molecules. Other species of peptide such 

as Cell-penetration peptide plays important role in transmembrane transportation of big 

molecules.21-33 A great potion of both AMP and CPP share common properties of 

amphiphilicity and charge distribution. Studies have been carried out to combine the traits 

of CPP and AMP to synthesize peptide with dual effects as both antibiotic and potential 

drug transporters.34-37 A promising idea for the design of bio-inspired drug delivery 

vehicles is through mixing lipid molecules with artificial peptides or proteins to obtain self-

assembled nanostructured liposomes with functionalized surface that bear with high 
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efficiency of bio-recognition and long circulation time. These studies require a 

fundamental understanding into the mechanism of membrane-peptide interaction and the 

in-vivo transportation of macromolecules. 

One of the major factors that affect the membrane-peptide interaction is the lipid 

composition of membrane. A good example is that scientists have long found that, unlike 

with bacterial, typical cationic AMPs exhibit significantly low affinity with mammalian 

cells.38 This was then greatly attributed to remarkable compositional differences between 

eukaryotic and prokaryotic membrane. The membrane of a healthy eukaryotic cell in higher 

organisms encompasses large fraction of zwitterionic phospholipid and sphingomyelin 

which result into an electrically-neutral surface property exhibiting lower electrostatic 

attractions to cationic peptide than negatively charged bacterial surface. This is probably 

also a partial reason why tumor cells are found to be more sensitive to specific AMPs than 

healthy cells because the surface of a tumor cell abnormally exhibit unneutralized charge 

density.39-40 Cholesterol, which is a small sterol molecule exclusively found in eukaryotic 

creatures, is believed to be another major factor that inhibits the membrane-disrupting 

activity of AMPs against eukaryotic membrane.41-43 Although sterols can also be 

discovered in some prokaryotic species, none of them have been demonstrated to have 

membrane-stabilizing functions as cholesterol has to protect the integrity of phospholipid 

bilayers in eukaryotic entities. The presence of cholesterol in mammalian cell membrane 

and artificial membrane model have been suggested by a number of studies to reduce 

antibiotic activities of certain AMPs.44,45 

The shape of the drug delivery vehicles could also play an important role in 

determining their properties of in-vivo transportation and bio-recognitions. A study has 
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shown that due to their morphological characteristics, worm-like micelles circulate longer 

than the spherical micelles in body.46 It is reported that a deformable polymer nanosphere 

is designed to mimic the size and shape of the red blood cell and exhibit improved 

circulation time and better biodistribution profile. Dobereiner et al.47 and Sandstrom et al.48 

who worked on mixture of phospholipids, PEGylated lipids and cholesterols discovered 

morphological transitions of self-assembled structure under different temperatures and 

with different concentration of cholesterol. These findings show that the shapes of lipid 

aggregates can be controlled by purposely tuning the composition, which subsequently 

affect the in-vivo behavior of these structures. 

In chapter 2, we introduce a MD-based approach entitled Dissipative Particle 

Dynamics (DPD), 49-66 which simultaneously resolves both the molecular and continuum 

scales, and reproduces the hydrodynamic behavior, to examine phase segregation in multi-

component lipid vesicles.51-53,61,62,67,68 Continuum approaches69-71 have also been used to 

investigate the phase separation dynamics in mixed membranes. 

In chapter 3, we use DPD to simulate the interaction of linear amphiphilic 

molecules with cell membranes. Systems are built including host cells and individual 

extracellular molecules to reproduce spontaneous insertion that is observed in some 

important bio-processes such as the membrane-penetration of CPP and AMP or the 

embedding of membrane protein as receptors. The host cell is modeled by building a multi-

component lipid bilayer vesicle, which is obtained through spontaneous free energy 

minimization from a preassembled bilayer structure. Previous computational studies have 

shown that such approach of pre-assembling facilitate the harvest of an intact stable lipid 

vesicles.51,61,72-74 A number of other recent studies have investigated the dynamics of self-
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assembly from random distributed individual lipids into clusters in structures of bicelles or 

vesicles.75-95 In our investigation, we do not focus on the dynamics of lipid self-assembly. 

Instead, we are more interested in using this bio-inspired lipid vesicle model to mimic 

peptide-membrane or protein-membrane interactions with linear coarse-grained model 

herein introduced in this paper with pin-like structure that captures the architecture and 

amphiphilic properties of some simple peptides and proteins. 

In chapter 4, we utilize DPD to investigate the shape characteristics during transport 

of multicomponent bio-inspired vesicles and sterically stable hybrid carriers through blood 

vessels that are modeled as cylindrical microfluidic channels. We establish the relation 

between flow characteristics and shape transition, and further correlate them with variation 

of mechanical properties such as line tension. 

In chapter 5, we make conclusions of our work on the modeling of interfacial and 

transport phenomena of bioinspired vesicles. 
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Chapter 2 

Modeling lipid molecules using Dissipative Particle Dynamics 

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. 54-57  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.63,96 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) 
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and a random force  

      ijijij

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|, 



?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.63 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.63,96 The 

relation between the pair repulsion parameter aij and the Flory interaction parameter  for 

a bead number density  = 3rc
-3 is given by63 

))(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, in which 

two consecutive beads in a chain are connected via a bond that is described by the harmonic 

spring potential 
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       2)/)(( cbondbond rbrKE        (2.10) 

where bondK  is the bond constant and b  is the equilibrium bond length. In all works 

included in this thesis, the constants bondK and b are assigned to the values of 64ε and 0.5rc, 

respectively.54-57 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.54 

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 

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.63 The repulsion parameter 

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

B

r
Tk

) which 

is based upon the compressibility of water at room temperature113 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, , as63  
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            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 

individual species.49-66 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 = 1.55 The mass of all the beads is set 

to unity.49-66 

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 A2 

at 50 oC.97 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 m2/s,60 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. 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 oC, the energy 

scale is calculated to be ε = kBT = 4.5x10-21 J. 
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Chapter 3 

Modeling Interactions between Multicomponent Vesicles and 

Anti-Microbial Peptide Mimetic Nanoparticles 

3.1 General overview on interaction of lipid bilayer with nanoparticles 

The interaction between peptides, proteins or macromolecules with cell membranes 

underlie many natural and synthetic processes such as the signal transduction, blood 

coagulation cascade, drug delivery, sensing or disruption of microbial membranes. The 

amphiphilic nature of these molecules enables them to bind to the membrane, and 

potentially induce changes significant enough to influence the structure and function of the 

cell membrane. For example, amphiphilic antineoplastic agents such as vinblastine and 

chlorpromazine are found to destabilize the membrane at high concentrations through drug-

membrane interactions.99,100 Another example is the interfacial adsorption of critical 

concentrations of antimicrobial peptides onto bacterial membranes, their insertion and self-

organization into transmembrane pores or channels which have been shown to be 

cytotoxic.101-103 The peptides can inspire the design of nanoparticles with controlled spatial 

organization within the cell membrane following its capture and insertion into the bilayer, 

for applications involving cellular sensing or stimulation for proliferation and growth. The 

nanoparticles or rod-coil macromolecules can be synthesized to encompass a rigid 

hydrophobic aromatic chain or an α helix, with a chain-like hydrophilic functional 

group.104-106 A fundamental understanding of the factors driving the binding, insertion and 

spatial distribution of various amphiphilic macromolecules, or nanoparticles will support 
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the development of bionanomaterials for functional integration with cells via interfacial 

binding.  

 Experimental approaches have been employed to synthesize peptide-mimetic 

nanoparticles.107-112 Arylamide oligomers are amphiphilic amino-acid based polymers with 

a stiff backbone compared to AMPs, and thus are reported to have higher antibacterial 

activity than typical AMPs such as maganin.109,111 Nonpeptidic polymeric molecules such 

as phenylene ethynylenes and polyguanidinium oxanorbornene are reported to form 

oligomers that adopt amphiphilic and rigid structures in the membrane environment and 

exhibit strong antimicrobial activity.108,110 A recent study utilized functional building 

blocks of peptides, polymers and pH-responsive moieties to design hybrid amphiphilic 

macromolecules which adopt pin-like structures and exhibit selective cytotoxicity against 

tumor cells.112 However, the resolution of experimental techniques limits the identification 

of the fundamental mechanisms underlying the interaction between the peptide mimics and 

the cell membrane at the nanoscale. A fundamental understanding of the mechanisms 

underlying the interaction between the peptide mimics and the cell membrane can guide 

and refine the design of the mimics for specific functions. The mimic-membrane 

interactions are dependent upon complex biological processes that involve multiple factors 

such as the size of the particle, hydrophobic mismatch, electrostatic interaction, membrane 

composition and physiochemical conditions of the environment (that is, temperature and 

pH).104,113-117 Computational techniques can be employed to identify the underlying 

mechanisms and factors controlling the interactions of amphiphilic macromolecules or 

nanoparticles with the cell membrane. All-atom simulations of lipid bilayers can resolve 

the dynamics and structure of various molecules but limit the investigation to small spatio-
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temporal scales.118-124 These tools are not suitable for addressing phenomena occurring on 

the mesoscale, such as membrane fusion and rupture, domain formation in multicomponent 

membranes as well as the structural and dynamical effects of nanoparticle adsorption, 

insertion and self-organization in the membrane.125  Dynamical processes spanning large 

length and time scales can be resolved via coarse-grained implicit solvent models which 

are used along with Monte Carlo,126-128 Molecular Dynamics (MD),124,129,130 Brownian 

dynamics simulation methods131,132 or mean field theoretical approaches.133-138  

Earlier studies of the interactions between nanoparticles and biomembranes have 

used multiple computational techniques.139-145 We have adopted the MD-based simulation 

technique entitled Dissipative Particle Dynamics (DPD)139,146-148 which simultaneously 

resolves both the molecular and continuum scales as well as the hydrodynamics of the 

system. The DPD method has been used to investigate the dynamics and morphology of 

self-assembly, phase separation and phase transition in lipid-based systems,70,144 block co-

polymers,145,146 dense colloidal suspensions,147 polymers in dilute solution or in a melt148 

and chains in microfluidic channels.149,150 The technique has also been used to study the 

translocation process of the nanoparticles across lipid vesicles151 and membranes,152,153 and 

the different pathways of spontaneous nanoparticle penetration into a vesicle154 and 

examine spontaneous insertion of amphiphilic nanotubes into a lipid vesicle and membrane, 

and their organization in the bilayer.56,57 We provide a more detailed description of the 

DPD simulation technique in the Methodology section. 

In this work, we study the interaction of peptide-mimetic nanoparticles or nanopins 

with model lipid bilayers. These nanostructures can be simplified representations of 

membrane-active peptides and nanoparticles, including tilted peptides, AMPs, surfactant-
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like peptides, amphiphilic drugs and rod-coil macromolecules.101-111,155-159 We are 

interested in investigating the dynamics and driving force of binding, self-organization and 

orientation of the surfactant-like nanoparticles, or nanopins, during their interaction with 

membrane. Our results can potentially guide the design of nanoscale sensors or probes to 

interface with living cells for applications in medicine, energy or sustainability. 

3.2 Modeling and parameterization of system components 

We model a ternary vesicle encompassing two distinct amphiphilic phospholipid 

species, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC), and cholesterol, as respectively shown in Fig. 1 (a), 

(b) and (c). 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 

repulsive interaction parameter aij.160 The two lipid species 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. The cholesterol molecule 

is modeled by a head group comprising of two hydrophilic beads and a single hydrocarbon 

tail encompassing seven hydrophobic beads. 

 

Figure 3.1 Image of coarse-grained model for (a) DPPC, (b) DMPC, (c) Cholesterol, (d) 

ternary vesicle encompassing 767 DPPC, 767 DMPC and 767 cholesterol molecules, (e) 

Nanopin H0, (f) Nanopin H1 and (g) Nanopin H4. 
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To effectively model the rigidity of the cholesterol molecule, additional bonds 

linking the diagonal pairs of beads are introduced within the ring moiety of the cholesterol 

molecule, as shown in Fig. 1 (c). These additional bonds are responsible for the difference 

in the stiffness between phospholipid and cholesterol molecules. As a consequence, the 

concentration of cholesterol will impact the fluidity of the bilayer by decreasing the average 

area per lipid.161    

We draw inspiration from linear α-helical antimicrobial peptides (AMPs) and 

model the amphiphilic macromolecules by pin-like structures, or nanopins. Experimental 

counterparts of the nanopins include synthetic AMP mimetics such as Arylamide 

Oligomers, poly(phenyleneethynylene), polynorbornene and rod-coil molecules.101-110 We 

focus our investigations on short nanopins to understand their capture by the bilayer, their 

insertion, orientation and spatial organization in the vesicle bilayer, and their possible 

translocation across the bilayer.54-57,161 Our results can be extrapolated to provide insight 

into experimental observations on the interactions between synthetic amphiphilic 

macromolecules or AMPs with cell membranes.113-117,160,161 The nanopin is modeled by a 

rigid rod composed of 6 hydrophobic beads with a spacing of 0.5 rc between the centers of 

mass of two consecutive beads. The length of the hydrophilic segment serves to regulate 

the overall hydrophobicity of the nanopins, and is designed to be flexible for one of the 

nanopin architectures. We consider three nanopin architectures: HN is a pure hydrophobic 

rigid rod with 6 beads; H1 has the same architecture as HN but with a hydrophilic bead at 

one of the ends of the hydrophobic rigid rod, and H4 is comprised of a tether encompassing 

three hydrophilic beads which are attached to the hydrophilic bead in H1, as shown in Fig 

3.1 (e) – (g). 
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The soft repulsive interaction parameters ija
 between the head (h), tail (t) beads of 

DPPC, DMPC, cholesterol, nanopins and the solvent (s) beads are given by ahh = 25, aht = 

100, ahs = 25, att = 25, ats = 100 and ass = 25. The interaction parameter between cholesterol 

head beads and solvent beads is set to be ahs = 15, due to the stronger affinity of the 

cholesterol hydroxyl head group with water molecules. These parameters are selected to 

model the effective distinct chemistry of the molecular species, thereby capturing the 

differences in the melting temperature of the individual species.51,62,75,144 This approach 

enables us to develop a simple representation of a multicomponent vesicle bilayer 

encompassing different amphiphilic species. 

3.3 Results and discussion 

3.3.1 Aggregation of Nanopins in solution 

We begin with a preassembled ternary vesicle encompassing a 1:1:1 mixture of 

DPPC, DMPC and cholesterol, as shown in Fig 3.1(d), in a simulation box of dimensions 

50 rc x 50 rc x 50 rc. The simulation box has periodic boundaries along the three axes, with 

a total of 2301 phospholipids and cholesterol molecules. The total number of beads in the 

system (including the solvent beads) is 375,000. The phospholipid and cholesterol 

molecules are spatially arranged in the vesicle bilayer such that the hydrophilic head groups 

are exposed to the aqueous environment on both sides of the bilayer, and the hydrophobic 

tails lie in the core of the bilayer. We run the simulation for a time interval of 30,000 τ, and 

monitor the total energy to check for equilibration. We introduce 10 H4 nanopins into the 

simulation box such that they are outside the interaction range from each other and the 

vesicle surface. The total number of beads in the simulation box is kept constant by 

replacing the corresponding number of solvent beads with nanopin beads. The simulation 
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is run until all the nanopins have been inserted into the vesicle bilayer. The system is 

allowed to equilibrate for an interval of 30,000 τ before the next 10 H4 nanopins are 

introduced into the simulation box using an identical protocol. We repeat this process until 

80 nanopins are inserted in the vesicle bilayer.  We examine the mechanisms underlying 

the interaction between the nanopins and the vesicle; the orientation and organization of 

the nanopins in the bilayer and the role of cholesterol. We adopt the same protocol for the 

other nanopin architectures (HN, H1). The characterization for each system uses particle 

trajectories from four simulations that have identical initial positions but different initial 

velocities and random seeds. 

 

Figure 3.2 (a-d) Snapshot of system with 10 NPs and 2301 lipid and cholesterol 

molecules, with 3 nanopins at time (a) t = 150 τ, (b) t = 160 τ, (c) t = 225 τ,  and (d) t = 

340 τ. (e) Time evolution of the interaction count between tail groups of inserted 

nanopins and membrane components, and between head groups of inserted nanopins and 

membrane components. 
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At earlier times, the unfavorable enthalpic interactions between the hydrophilic 

solvent and the hydrophobic segments of the nanopins promote the self-assembly of the 

latter, as shown in Fig  3.2 (a). The size of the aggregates can range from two to four 

nanopins, for a set of 10 nanopins introduced into the simulation box. The nanopin 

aggregates adopt bundle-like structures where the rigid hydrophobic rods are aligned 

parallel or anti-parallel to one another, as shown in Fig 3.3. The H4 nanopins adopt 

orientations that minimize the free energy of the system by maximizing the tether 

conformational and solvent configurational entropy. Hence, the hydrophilic tethers of the 

H4 nanopins assembled in a bundle will orient themselves away from each other. We would 

like to the note that the self-assembly of acetylated AMPs in aqueous medium prior to the 

incipience of peptide-membrane interactions has been reported in experiments.162-164 The 

AMP aggregates have been posited to be responsible for increased cell-selective toxicity, 

in comparison to their monomer counterparts.162,163  

 

Figure 3.3 Cluster configurations for nanopins of architecture (a) H0, (b) H1, (c) H4. 
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3.3.2 Spontanous insertion and spatial organization of nanopins in 

vesicle  

Following the aggregation of nanopins in the solution, we observe their 

spontaneous binding to the vesicle bilayer, as shown in Fig 3.2 (b).  We observe the binding 

events to be initiated by interactions between the hydrophobic components of the nanopins 

and the bilayer. This observation gives rise to a hyphothesis that the unfavorable enthalpic 

interactions between the hydrophobic components of the nanopins and the hydrophilic 

solvent drive the spontaneous capture of the nanopins by the vesicle bilayer and their 

subsequent insertion into the bilayer. To test this hypothesis, we investigate the insertion 

of a single H4 nanopin aggregate by examining the time evolution of the interaction count 

between hydrophilic and hydrophobic components of the phospholipids, cholesterol 

molecules and the nanopins. A pair of beads is considered to be interacting if their center-

to-center distance is smaller than the interaction cut-off distance. The initial binding of an 

aggregate to the bilayer is characterized by the rapid increase in the interaction count 

between the hydrophobic components of the bilayer and the nanopins in comparison to that 

for the hydrophilic components (see Fig 3.2 (e)), thereby supporting the hypothesis. The 

slower increase in the interaction count between the hydrophobic components (spanning 

the time interval of 115 τ) indicates the disassembly of the nanopin aggregate accompanied 

by the diffusion of the individual nanopins in the vesicle bilayer, as shown in Figs 3.2 (c) 

and (d). The interaction count between the hydrophobic components increases until the 

aggregate has completely disassembled and all the nanopins are outside the interaction 

range from each other. We surmise that the disassembly of the nanopins is driven by the 
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minimization in the free energy by increasing the conformational entropy of the 

hydrophilic chains and the orientational entropy of the nanopins.  

 

Figure 3.4 System snapshot of system with 10 nanopins and 2301 lipid and cholesterol 

molecules at time (a) t = 1000 τ, (b) t = 5000 τ, (c) t = 15000 τ, and (d) t = 25000 τ. Not 

all nanopins are shown for clarity. 

 

The role of the overall hydrophobicity of the nanopins on the insertion dynamics 

can be understood by repeating the procedure for HN and H1 nanopin architectures. We 

observe similar trends in the pre-insertion assembly of the nanopins, their capture, rapid 

insertion into the bilayer and disassembly. These results further corroborate that the 

nanopin-bilayer association is predominantly driven by interactions between the 

hydrophobic components.35,166-169 In earlier studies, nanoparticles and model 

transmembrane proteins with dimensions much larger than the bilayer amphiphilic 

molecules, were observed to aggregate in the bilayer.54-57 This observation is attributed to 
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depletion-induced attraction. In this study, the disparity in the dimensions of the nanopins 

and the bilayer amphiphilic molecular species is not significant. The H1 nanopin is 4 rc in 

length whereas the bilayer width spans 5 rc. The conformational entropy of the amphiphilic 

molecules endows a slightly higher effective dimension than that corresponding to the 

nanopin. Hence, the presence of the nanopins in the bilayer has minimal impact on the 

conformational entropy of the neighboring amphiphilic molecules. Therefore, the 

disassembly of the nanopin aggregate minimizes the free energy by increasing both the 

translational and orientational entropy of the nanopins 

. Figure 3.5 (a) Time evolution of the interaction count between the nanopin H4 and 

membrane components, and other nanopins, (b) time evolution of the interaction count 

between bilayer and nanopin H0, H1 and H4 respectively. 

 



21 

 

 

We examine the insertion process for ten H4 nanopins (see Fig 3.4) through the 

time evolution of the interaction count between nanopins, and the nanopins and bilayer 

components, as shown in Fig 3.5 (a).  The aggregation of the nanopins in solution, prior to 

their insertion into the vesicle bilayer, is captured by the high nanopin-nanopin interaction 

count. The initial interaction between the nanopins and the membrane is demonstrated by 

the rise in the nanopin-bilayer interaction count at 7600 τ. The step-wise increase in the 

nanopin-bilayer interactions indicates the insertion of the aggregates into the bilayer. The 

nanopin-nanopin interaction becomes negligible when all the inserted aggregates have 

disassembled into the individual nanopins, as demonstrated by the very low values of the 

nanopin-nanopin interaction count. The same observations hold for a larger number of 

inserted nanopins. We report similar trends for nanopin architectures H1 and HN, as shown 

in Fig. 3.5 (b) but note differences in the nanopin-bilayer interaction counts after all ten 

nanopins are inserted into the vesicle. We find nanopin architecture HN to have the highest 

interaction count with components the vesicle bilayer, with negligible difference in the 

corresponding results for nanopins H1 and H4. The observed difference can be explained 

by the orientation of the nanopins in the vesicle bilayer, as discussed in the next section.  

 

3.3.3 Distribution of tethers in the monolayers 

We observe differences in the orientation of the nanopins inserted in the bilayer as 

a function of hydrophobicity and architecture, as summarized in Fig. 3.6 Our results show 

architectures H4 and H1 to adopt orientations that are normal to the bilayer surface with 

the hydrophilic component exposed to the aqueous region. However, the HN nanopin is 

observed to adopt a range of orientations including perpendicular to the bilayer normal.  
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Figure 3.6 Images of ternary vesicle with different number and types of nanopins. Not all 

nanopins are shown due to the cross-sectional view of the vesicles. 

 

To better understand such discrepancies in the orientations, we examine the angle 

distributions of the nanopins in the bilayer, as shown in Fig 3.7 We measure the angle 

between two vectors: the first vector connects the centers of mass of the vesicle and the 

rigid part of nanopin, and the other vector connects the centers of the two beads located at 

the extremities of the rigid part of a nanopin. As the vesicle is approximately spherical, the 

angle measured can be effectively regarded as the tilt angle away from the normal of the 

local bilayer surface. The angle measurements demonstrate nanopin architectures H1 and 

H4 to adopt orientations that deviate slightly (35.55o for H1 and 37.22o for H4) from the 
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bilayer normal. Experimental studies on short amphiphilic transmembrane helices reported 

a tilting angle of 26o using Solid-State NMR and an angle of 32o using IR dichroism 

method.170,171 In comparison, the angle distribution for nanopin architecture HN is 

observed to be a symmetric Gaussian distribution over the range of 0 to 180 degrees with 

an average angle of 89.93o. We surmise that the purely hydrophobic architecture favors an 

orientation that is normal to the bilayer surface to minimize unfavorable interactions with 

the hydrophilic solvent, and maximize favorable interactions with the hydrocarbon groups 

in the bilayer. This hypothesis is supported by the large number of interactions of nanopin 

architecture HN with the hydrophobic components of the vesicle. 

 

Figure 3.7 Orientation angle and energy distribution for different nanopin architectures 

and concentrations of cholesterol. 
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We determine whether the angle distribution for the different types of nanopins is 

driven by the minimization of the energy of the system. We compute the pair interaction 

energy of the nanopins with other components of the system for each particular angle that 

is associated with the angle distribution plot, and draw correspondence with the angle 

distribution. We observe the trends in the pair interaction energy to complement the angle 

distribution. Hence, the angle distribution for the three nanopin architectures is driven by 

minimization of the pair interaction energies. Earlier studies have shown the orientation of 

transmembrane proteins to be regulated by the hydrophobic mismatch.117,172-175 For 

transmembrane proteins with a negative hydrophobic mismatch, the proteins with 

hydrophilic ends exposed to the aqueous environment have tilt angles close to 0o, while 

those entirely embedded in the hydrophobic region tend to have random orientations.175 

3.3.4 Transverse diffusion of nanopins across the monolayers 

We find that 5.7 % of the H1 nanopins reside in the inner monolayer of the vesicle 

such that their hydrophilic head group is exposed to the solvent in the inner cavity of the 

vesicle. Since all the nanopins are inserted into the outer monolayer of the vesicle from 

solution, the inverted orientation could result either from the direct penetration of the 

nanopins into the inner monolayer of the vesicle during the insertion process, or the 

transverse diffusion of nanopins from the outer to inner monolayer. We observe a 

spontaneous flip-flop event for a nanopin of architecture H1, as shown in Figure 3.8, to 

occur after residing in the outer monolayer of the vesicle for a relatively long time interval 

(~ 15,000 τ).  
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Figure 3.8 Images of a single H1 nanopin undergoing transverse diffusion at time (a) t = 

585 τ, (b) t = 625 τ, (c) t = 660 τ, and (d) t = 710 τ. 

 

To understand the occurrence of transverse diffusion for nanopin architecture H1, 

we note that the orientation of nanopins with hydrophilic moieties are governed by two 

factors. The first factor is the hydrophobic mismatch between hydrophobic part of the 

nanopin and the hydrophobic core of the bilayer, and the second factor is the dimension of 

hydrophilic part of the nanopin. The hydrophobic mismatch tends to drive the nanopins to 

orientate themselves parallel to local bilayer surface, as shown for nanopin architecture HN 

which is purely hydrophobic. Since the three nanopin architectures possess identical 

hydrophobic lengths, we believe that the hydrophobic mismatch effect is the same for all 

three architectures. For nanopin architecture H4, the unfavorable enthalpic interaction 

between the hydrophilic hair of the nanopin and the hydrophobic core of the bilayer 

prohibits the complete immersion of the nanopins into the core of the bilayer. For nanopin 

architecture H1, the unfavorable enthalpic penalty is not as significant due to the short 
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length of the hydrophilic part. Hence, nanopin architecture H1 is able to adopt a metastable 

state which could result in inter-monolayer diffusion or return to its original state. This 

hypothesis is supported by the time evolution of the interaction count during a transverse 

diffusion process of a single nanopin H1, as shown in Fig 3.9. The change of orientation 

(see Fig 3.8 (a), (b)) from parallel to  perpendicular (to the bilayer normal) is characterized 

by the increase in the interaction count between the head group of H1 and the tail groups 

of the bilayer components, as well as a decrease in the interaction count between the 

hydrophilic groups of the nanopin and the bilayer components. The perpendicular 

orientation is maintained for 50 τ before the nanopin assumes an antiparallel orientation to 

the outward bilayer normal and resumes diffusing in the inner monolayer. 

 

Figure 3.9 Time evolution of the interaction count between different components of the 

nanopins and the membrane during transverse diffusion of a single H1 nanopin. 

 

We surmise that the transverse diffusion of the nanopins is activated by thermal 

fluctuations which result in a transient increase in the nanopin-cholesterol interaction count 
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and an inter-monolayer difference in the number of cholesterol molecules interacting with 

the nanopin. The fluctuation-induced changes cause the nanopin orientation to deviate from 

the bilayer normal and adopt a parallel configuration to the bilayer plane, while 

simultaneously submerging into the hydrophobic region of the bilayer. The enthalpically 

unfavorable parallel configuration of the nanopin drives it to adopt an orientation that is 

anti-parallel to the outward bilayer normal. This phenomena of transverse diffusion is also 

found in both computational and 

3.3.5 Role of cholesterol 

To understand the role of the concentration of cholesterol on the interaction, capture 

and insertion of the nanopins into the vesicle bilayer, and their subsequent spatial 

organization, we repeated the studies using a vesicle with a higher relative concentration 

of cholesterol (50% cholesterol, 25% DPPC and 25% DMPC). The angle distribution 

measurements (as shown in Fig 3.7) demonstrate nanopin architectures H1 and H4 to adopt 

smaller angles with respect to the bilayer normal, in comparison to a bilayer with a lower 

concentration of cholesterol. In addition, we note that the orientation angle of the nanopins 

lies within a narrower range. The angle distribution of the HN nanopins does not 

significantly change with respect to corresponding results for a vesicle with a lower relative 

concentration of cholesterol. We expect the higher relative concentration of cholesterol in 

the bilayer to increase its mechanical rigidity, and thereby constrain the nanopins to adopt 

orientation that are more closely aligned with the bilayer normal. Table 3.1 provides the 

average orientation angle for each nanopin architecture and bilayers with different relative 

concentrations of cholesterol. 
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Table 3.1 Orientation angles for nanopin architecture H4, H1 and H0 in vesicles with 

33% and 50% concentration of Cholesterol. 

 

Another consequence of the higher mechanical rigidity of the bilayer is the reduced 

mobility of the bilayer components and the nanopins. Hence, increasing the bilayer rigidity 

is also expected to influence the inter-monolayer tranverse diffusion of the nanopins. We 

observe the translocation count rate for H1 to decrease from 5.7% to 4.2% as the cholesterol 

mole fraction increases from 33% to 50%. We would like to note that the measurement of 

the interaction count between the nanopins and the different bilayer components, as shown 

indicating that there is no preferential interaction of the nanopins with the cholesterol 

molecules in comparison to the phospholipid molecules. 

3.4 Chapter conclusions 

In this chapter, via the use of DPD approach, we have examined the interactions of 

peptide mimetic nanoparticles, or nanopins, with a multi-component vesicle. We 

investigated the role of the nanopin architecture and cholesterol concentration. The capture 

of the nanopin by the vesicle bilayer was observed to be activated by the unfavorable 

enthalpic interactions between the hydrophobic components of the nanopins and the 

hydrophilic solvent. Some of the nanopins were observed to aggregate in solution prior to 

the capture by the bilayer, followed by their insertion and disassembly in the bilayer. The 

architectures of the nanopins were observed to influence their relative orientation within 

the aggregates prior to capture by the bilayer, and their orientation in the bilayer post-
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insertion. Purely hydrophobic nanopins tend to arrange themselves in the hydrophobic 

region of the bilayer, with their length perpendicular to the surface normal vector of the 

vesicle. Nanopins with hydrophilic components adopt orientations which expose the 

hydrophilic groups to the aqueous environment and embeds the hydrophobic components 

in the hydrophobic region of the vesicle bilayer. Nanopins with a short hydrophilic group 

are able to overcome the energy barrier to accomplish translocation from the outer leaflet 

to the inner leaflet of the lipid bilayer. Nanopins with a longer hydrophilic functional group 

are not observed to participate in transverse diffusion across the monolayers. For higher 

concentrations of cholesterol in the vesicle bilayer, the nanopins in the bilayer are 

constrained to adopt a narrow range of angles due to increased rigidity of the bilayer. In 

addition, we observe the occurrence of transverse diffusion across the bilayer to decrease 

with cholesterol concentration. Our results can potentially guide the design of nanoscale 

sensors or probes to interface with living cells for applications in medicine, energy or 

sustainability. 
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Chapter 4 

Modeling Transportation of Sterically Stable Vesicle in Capillary 

Flow 

4.1 General overview  

One of the main challenges faced during transportation through channels is the 

disruption and rupture of delivery vehicle, resulting in the loss of their cargo179,180
. The 

flow-induced shear stresses will reorganize the molecular species on the surface of the 

vehicle, resulting into change of shape, phase separation and potentially create transient 

pores.181-183 Long-lived pores on the surface of the carrier will lead to its rupture and loss 

of contents. In this chapter, our objective is to investigate the shape characteristics during 

transport of multicomponent bio-inspired vesicles and sterically stable hybrid carriers 

through blood vessels that are modeled as cylindrical microfluidic channels.184,185 We aim 

to establish the relation between flow characteristics and shape transition, and further 

correlate them with variation of mechanical properties such as line tension, surface tension 

and surface stress. With this knowledge, we will be able to determine the critical flow rate 

at which the vesicle ruptures, and investigate the factors and mechanisms underlying the 

rupture process. The multi-component vesicles encompass representative amphiphilic 

molecular species present in biological cell membranes, whereas the sterically stable 

carriers are composed of end-functionalized amphiphilic molecular species such as 

PEGylated lipids (PEG= Poly Ethylene Glycol). To achieve our objective, we vary the flow 

rate, the relative concentration of cholesterol or PEGylated lipids in the vesicle and the 

PEG length to study their effects on the deformation dynamics and morphology of the 
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vesicles and carriers. We have adopted a Molecular Dynamics (MD) -based mesoscopic 

simulation technique entitled Dissipative Particle Dynamics (DPD) (details given in 

chapter 2) for the investigations presented in this chapter. 

4.2 Modeling Methodology 

4.2.1 Coarse-graining and parameterization of system components 

The individual phospholipid molecules are represented by bead-spring models as 

shown in Figure 4.1 (a) and (b), 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 4.1 (b), 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 chapter 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 theoretical158 and experimental studies159,160 

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.  
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Figure 4.1 Image of coarse-grained model for (a) DPPC, (b) PEGylated DPPC, (c) 

vesicle with 50% of PEGylated DPPC and 50% of DPPC, (d) vesicle moving in a 

cylindrical channel, which only have of the channel wall shown and fluid particle is not 

shown. 

 

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 (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. All the other 

parameters pertaining to DPD simulation technique, time, length and energy scales are 

obtained from chapter 2. 
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4.2.2 Fluid building and characterization 

In this work, we study the transportation of the hybrid lipid vesicle in a cylindrical 

channel with Poiseuille flow. The simulations are conducted in an orthogonal box, which 

has the dimension 40rc*40rc*60rc and is only periodic in the z direction. The channel is a 

cylindrical space spanning the box with its axis in the z direction. The diameter of the 

channel is set to be 32 rc. Wall particles are filled in the rest of the space in the box with 

bead density ρ = 3 and are kept frozen during the simulations.   The soft repulsive parameter 

between wall particles and the other particles is set to be a = 25. To drive the flow, we 

effectively implement a pressure gradient along the two sides of the channel by adding a 

constant force on each fluid particle. The flow rate can therefore be tuned by varying the 

force applied. The repulsion between wall particles and fluid particles serves as a no-slip 

boundary condition in order to establish Poiseuille flow in the channel. We measure the 

time average of the velocity of fluid particles with respect to the radial distance, as shown 

in Figure 4.2 (b). The velocity at fluid-water interface is significantly smaller than (1/10000) 

the mean velocity of the flow, thus we conclude that our model has achieved a good 

approximation to Poiseuille flow.  



34 

 

 

 

Figure 4.2 (a) Schematic of the systems of modeling Poiseuille flow. (b) The flow velocity 

profile when a force of F0 = 0.005 is added to all flow particles in the channel 

 

In order to measure the viscosity of the model fluid, we set up an another simulation that 

only contains fluid particles. We apply a constant force F at z direction for all the particles 

above the x-y plane and apply -F to the particles below the x-y plane, as suggested in Figure 

4.3. The equilibrated velocity profile of the flow indicates a periodic Poiseuille flow which 

can be partially written as  

                                                     2

xV a Dz z                                                           (4.1) 

A Poiseuille flow in two planar plates has the same form of parabolic velocity profile 

with 

                                                           
2

g
a




                                                                 (4.2) 

where   is the dynamic viscosity. Here we apply F = 0.05 and we calculate that 

0.0509a  , therefore 1.6028  . 
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Figure 4.3 (a) Schematic of building periodic Poiseuille flow, (b) flow velocity profile of 

periodic Poiseuille flow. 

 

Reynolds number Re is then calculated with dynamic viscosity to characterize different 

flows. We use the following equation, 

                                              z H

e

U D
R




                                                              (4.3) 

Where ρ is bead density, we take ρ = 3 globally for both the wall particles and fluid particles. 

zU  is the mean velocity of the flow and HD  is the diameter of the channel. 

4.3 Result and discussion 

4.3.1 Shape deformation  

We begin with an equilibrated hybrid vesicle in the cylindrical channel with fluid 

particles surrounded. The simulations are run for 
0 1000t   for pre-equilibration. A 

timely increasing body force 0

0

( 1)
t

F F
t

   is applied to each fluid particle in the channel 

in order to avoid rupture of the vesicle by rapid acceleration of the flow. After 

02 2000t t   , the force F  reaches designated force 0F  and remains constant for the 

rest 18,000 τ of the simulation. We found that the stable mean flow velocity has a linear 

relation with 0F  , as shown in Figure 4.4. Therefore, we control the mean flow velocity by 

varying 0F  ranging from 0 to 0.008.  
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Figure 4.4 Plot of Mean flow velocity as an function of body force that implemented on 

each flow particle. 

 

When the flow is strong enough we start to observe stable deformation of the shape 

of the vesicles in flows. Figure 4.5 shows the stable shapes of vesicles with different 

concentrations of PEGylated lipids and in flows with different Reynolds number. When 

the flow is slow, and thus the mean flow velocity and Reynolds number are small (
zU  <  

0.1 rc / τ, Re < 6.3 )， we do not observe significant shape changing of the vesicles for all 

concentrations of PEGylated lipids tested. These vesicles in motion possess a roughly 

spherical shape as when no flow is applied. As Reynolds number increases, the shape of 

the vesicles transit from spherical to bullet like structure with a shaper head in the direction 

of the flow. We would like to point out that at Re = 40, for vesicle with 10% molar 

concentration of PEGylated lipids, the shape undergoes a transition from bullet-like to anti-

bullet alike or parachute structure which is significantly distinct from vesicles at the same 

flow condition but with concentration of PEGylated lipids that larger than 20%. Phase 

separation in the surface is observed for vesicles with large concentrations of tethered lipids 

and with large Reynolds number, which will be discussed in the next section. 
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Figure 4.5 Images of equilibrium shapes of vesicles with different concentrations of hairy 

lipids moving in flows at different Reynolds numbers 

 

To better understand how the deformation of the hybrid vesicle depend on the 

composition and flow condition, we would like to quantitively measure the shape shaping. 

The bullet-like shapes are approximately axial symmetric and therefore can be 

characterized by measuring Deformation Index (DI)186, which is defined as  

1
X

DI
Y

   

where X is the long principle axis and Y is the short principle axis. We measure the DI of 

vesicles for all concentrations of PEGylatd lipids from 10% to 50% and for Reynolds 

number with values of 0, 6, 12, 19, 25, 32, 38 and 45, as Figure 4.6 shows. The 

measurements are performed on equilibrium configurations of the vesicles in flow. We 

would like to note that we also investigate flow condition with Reynolds number lager than 

45 but obtain bicelle as the vesicles ruptures in steady flow during the simulation. Whereas 
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at Re = 45, vesicles with tethered lipid concentration of 10%, 20% and 30% finally ruptures 

in steady flow, while vesicles with larger tether concentrations remains their shape 

integrities and maintain stable bullet-like morphologies. Since DI measurement does not 

apply into determination of bicelle structures, we do not include these cases in Figure 4.6.  

 

Figure 4.6 Plot of Deformation Index as an function of Reynolds number for vesicles with 

concentration of hairy lipids of 10%, 20%, 30%, 40% and 50%. 

 

The shape transition from spherical to bullet-like is characterized with a significant linearly 

increase of the DI when Re is larger than 6, following with another drastic increase of the 

DI at Re = 32 for tether concentration of 10% and 20% at Re, which indicates another 

shape transition from bullet-like to parachute-like morphology that lead to earlier rupture. 

Our results for the DI measurements are in good agreement with our visual observations. 

4.3.2 Surface phase separation of hairy vesicle at high Reynolds 

number 

A critical phenomenon that we observe in the deformation of hairy vesicle is that 

the morphological transition from spherical to bullet-like structure is always coupled with 
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a significant phase segregation in the surface of the vesicles.  We perform further 

investigation in the interior structure of the vesicle, as shown in Figure 4.7.  We found that 

the binary system is well mixed in the inner monolayer compared to its outer monolayer, 

indicating that the phase separation only happens in the outer monolayer and it is more 

likely to be a flow-induced outcome rather than a simultaneous thermodynamic result. It is 

our hypothesis that the surface phase separation is due to the gradient of local flow velocity 

of Poiseuille flow with respect to the radial distance to the center axis of the cylindrical 

channel, as shown in Figure 4.2. The flow particle in the central region move faster than 

those close to the wall. Such velocity gradient acts a pulling force in the direction of the 

flow on the head part of the vesicle and a dragging force opposite to direction of the flow 

on the side part of the vesicle, resulting into a stretch of the shape. 

 

Figure 4.7 Image of a sliced vesicle showing phase separation in the outer monolayer 

while no phase separation happens in the inner monolayer. 

 

We draw correspondence between the degree of phase segregation and Reynolds 

number by measuring the interfacial line tension at different flow conditions, as shown in 

Figure 4.7. The measurements are performed on equilibrium configurations of the binary 

mixtures, for a range of different concentrations of tethered lipids. The line tension of an 
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interface separating two phases can be found by calculating the excess free energy per unit 

length of the contact length along the interface.176 We estimate the line tension λ of the 

domain boundary through the following equation177  

  mo

1
+ / l

2
AA BB ABU U U

 
  
 

                            (4.4) 

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 chapter 2.  We would like to 

note that for Figure 4.8, the last data points of each curve represent the line tension of 

bicelles from ruptured vesicles at corresponding Reynolds number and hairy lipids 

concentrations. 

 

Figure 4.8 Plot of line tension as a function of Reynolds number for vesicles with 

different concentrations of hairy lipids. 

 

We found that the line tension decreases with increasing concentration of the hairy 

lipids, which agrees well with previous computational studies.178 A possible reason to 

explain this observation is that the increasing excluded volume of the hairs reduces 

interaction between hairy lipids.  For vesicles with hairy lipids concentration higher than 
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10%, we observe each curve of line tension rapidly increases when Re is larger than 6 and 

continue to increase until it reaches a maximum, which we call it a stable point. After the 

stable point, the shape gets unstable because the phase segregation could not be sustained 

due to a strong perturbation of the flow particles, which is characterized with a drop in the 

line tension after the stable point and finally reaches rupture point. The relation between 

line tension and Reynolds number demonstrate that the phase segregation is induced by 

flow and its level is dependent on the strength of the flow. We also conclude that the stable 

point approaches the rupture point when a vesicle has more fraction of hairy lipids.  It is 

worthwhile to point out that for hairy lipids concentration of 10% we do not observe a 

relatively significant variation of line tension at all Reynolds number compared with other 

concentrations. However, if we plot it solely we would observe that it has a stable point at 

Re = 20, which is the smallest among all concentrations. 

4.4 Chapter conclusions 

Via DPD, we developed modeling of Poiseuille flow in cylindrical capillary as well 

as the transportation of lipid vesicles in the flow. We implement steric stabilization to the 

lipid vesicle by mixing hairy lipids with phospholipids. We investigated morphological 

transition of hairy vesicles with different concentration at different flow conditions, which 

is characterized by Reynolds number. We demonstrate the phase segregation on the surface 

of hairy vesicles that induced by gradient of flow velocity and can be controlled by varying 

composition of the vesicle and flow conditions. Our findings can potentially help in the design 

of drug delivery system with respect to their transport in blood capillaries, and tissue engineering 

for the design of microfluidic devices with better in-vivo transportation efficiency.  
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Chapter 5 

Conclusions 

By utilizing DPD technique, we carried out our investigation on the modeling of 

interaction between multi-component bio-inspired phospholipid vesicles and peptide-

mimetic nanoparticles (nanopins). We demonstrated that hydrophobicity of nanopins and 

vesicle composition are factors that could affect the behavior of nanopins in terms of 

aggregation in solution, insertion dynamics, in-bilayer self-organization, self-orientation 

and transverse diffusion. We extended our investigation into modeling transportation of 

binary mixture of phospholipid with PEGylated phospholipids and studied the shape 

variation due to flow conditions and vesicle composition. 

In chapter 3, we have examined the interactions of peptide mimetic nanoparticles, 

or nanopins, with a multi-component vesicle. We investigated the role of the nanopin 

architecture and cholesterol concentration. The architectures of the nanopins were observed 

to influence their relative orientation within the aggregates prior to capture by the bilayer, 

and their orientation in the bilayer post-insertion. Purely hydrophobic nanopins tend to 

arrange themselves in the hydrophobic region of the bilayer, with their length perpendicular 

to the surface normal vector of the vesicle. Nanopins with hydrophilic components adopt 

orientations which expose the hydrophilic groups to the aqueous environment and embeds 

the hydrophobic components in the hydrophobic region of the vesicle bilayer. Nanopins 

with a short hydrophilic group are able to overcome the energy barrier to accomplish 

translocation from the outer leaflet to the inner leaflet of the lipid bilayer. Nanopins with a 

longer hydrophilic functional group are not observed to participate in transverse diffusion 
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across the monolayers. For higher concentrations of cholesterol in the vesicle bilayer, the 

nanopins in the bilayer are constrained to adopt a narrow range of angles due to increased 

rigidity of the bilayer. In addition, we observe the occurrence of transverse diffusion across 

the bilayer to decrease with cholesterol concentration. Our results can potentially guide the 

design of nanoscale sensors or probes to interface with living cells for applications in 

medicine, energy or sustainability. 

In chapter 4, We have examined the transportation of binary vesicles in Poiseuille 

flow in a cylindrical capillary. The vesicle is composed of tunable concentration of 

phospholipids and PEGylated phospholipids. We investigated the role of the composition 

of vesicles and flow conditions on the morphology of the vesicle in flow. We observed 

shape transitions of the vesicles from spherical to parachute-like shape for low 

concentration of hairy lipids and from spherical to bullet like shape for high concentrations 

of hairy lipids. We observed flow-induced surface phase segregation and demonstrated the 

stabilization effect of hairy lipids by correlating line tension with Reynolds number. 
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