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ABSTRACT 

Investigation of Polymer Conjugated Helix Bundle Peptides to Design 

Micellar Nanocarriers with Tunable Size and Stability using Molecular 

Dynamics 

Dan Ma 

Hybrid polymer-peptide conjugates are receiving increasing attention as a promising class 

of biomaterials. Polymer conjugated coiled-coil peptides are a new addition to these designer 

macromolecules. Even though a variety of experiments and computational simulations have 

shown stabilization of helices upon polymer conjugation, there are still many questions regarding 

the conformations of the attached polymer chains and their effects on the thermomechanical and 

aggregation behavior of peptides. Here, we first investigate the self-assembly of coiled-coils with 

single polymer chains covalently conjugated to either the end or side, and compare with no 

polymer conjugation. Our results ascertain polymer stabilization effects on both structural and 

thermodynamical properties of the peptides. Next, based on scaling theory for tethered polymers, 

we study multiple polymer chain conjugation to investigate the effect of conjugation density on 

the stability of coiled-coils and to explore the mushroom conformation of polymer chains on the 

helix surface. Our findings reveal the molecular mechanisms underpinning recent experimental 

observations on the stability of protein–PEG conjugates and lay the groundwork for development 

of stable protein bundles that can serve as drug delivery vehicles, nanocarriers and other 

biomechanical building blocks.  
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Building on these findings, we focus on a recent design that has utilized end-conjugation of 

alkyl chains to 3-helix coiled-coils to achieve amphiphilicity, combined with the side-chain 

conjugation of polyethylene glycol (PEG) to tune micelle size through entropic confinement 

forces. Next, we investigate this phenomenon in depth, using micelle theory and coarse-grained 

dissipative particle dynamics (DPD) simulations in an explicit solvent. We analyze the 

conformations of the PEG chains conjugated to three different positions on 3-helix bundle 

peptides to observe the degree of confinement upon assembly, as well as the ordering of the 

subunits making up the micelle. We discover that the micelle size and stability is dictated by 

competition between the entropy of the PEG chain conformations in the assembled state and 

intermolecular cross-interactions among PEG chains that promote cohesion between neighboring 

conjugates. Our analyses build on the role of PEG molecular weight and conjugation site in 

micelle shape and lead to computational phase diagrams that can be used to design 3-helix 

micelles. This work opens pathways for the design of multifunctional micelles with tunable size, 

shape and stability. 

Homomeric micelles with tunable size, shape and stability have been extensively studied for 

biomedical applications such as drug carriers. However, designing the local valency and 

self-assembled morphology of nanophase-separated multicomponent micelles with varied ligand 

binding sites remains challenging. Finally, we present micelles self-assembled from amphiphilic 

peptide-PEG-lipid hybrid conjugates, where the peptides can be either 3-helix or 4-helix 

coiled-coils. We demonstrate that the micelle size and sphericity can be controlled based on the 

coiled-coil oligomeric state. Using theory and coarse-grained dissipative particle dynamics (DPD) 

simulations in an explicit solvent simulation, we studied the distribution of 3-helix and 4-helix 
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conjugates within the mixed micelles and observed self-organization into nanodomains within 

the mixed micelle. We discover that the phase separation behavior is dictated by the geometry 

mismatch in alkyl chain length from different coiled-coil oligomeric states. Our analyses on the 

self-assembly tendency and drug delivery potency of mixed micelles with controlled 

multivalency provide further important insights into the assembly and formation of 

nanophase-separated micelles.  
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Chapter 1 Introduction and Background 

1.1 Introduction to Polymer Conjugation  

1.1.1 What Are Proteins? 

  Proteins constitute critical building blocks of life. They are large molecules or macromolecules, 

consisting of amino acid residues, and can fold into specific three-dimensional structures. The 

covalent peptide bonding sequence of amino acids is the primary structure of a protein (see 

Figure 1.1 b), which determines the three-dimensional configurations and specific functionalities. 

Amino acids are important organic compounds composed of amine (-NH2) and carboxylic acid 

(-COOH) groups, together with a specific side chain group (-R) (see Figure 1.1 a), which can be 

Figure 1.1 (a) Amino acid structure, (b) Schematic figures of hierarchical protein 
structures. 
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charged, polar, or hydrophobic, connected to the center carbon atom. Twenty different amino 

acids exist in nature, which serve as the major building blocks of proteins. Peptides are short 

chains of amino acids linked by amide bonds; they are distinguished from proteins mainly based 

on their smaller size.  

Moreover, some specific amino acids sequences can result in the formation of a specific 

secondary structure (see Figure 1.1 b), among them α-helix and β-sheet are the most common 

structures. These structures are formed by hydrogen bonds between some of the backbone atoms. 

β-sheets are composed of β-strands packed in a parallel or anti-parallel configuration. Natural 

α-helices usually have a right-handed spiral conformation; each helix turn has 3.6 residues and 

each residue has a rise of 1.5 Å. This structure makes α-helices universal and versatile protein 

motifs.     

1.1.2 What Are Coiled-Coils? 

The coiled-coil is one kind of protein tertiary structure, which has one or more protein 

secondary structures in their protein domains. Tertiary structure refers to the three-dimensional 

geometry of the protein (see Figure 1.1 b), which is determined by interactions and bonds of side 

chains within a particular protein. Coiled-coils consist of two or more α-helix strands packed 

either in the same (parallel) or opposite (anti-parallel) direction. The helices wind into 

superhelical structures with either right-handed or left-handed configurations [5] , as shown in 

Figure 1.2. In biological systems, coiled-coils assemble into a wide variety of structures, 

including hair, filaments, cells, and etc. [6, 7]. They have a common repeating sequential pattern 

involving seven amino acids, which is known as a heptad [6]. The heptad repeat can be 

represented as abcdefg, where the first and forth residues, a and d, are hydrophobic amino acids, 
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oppositely charged residues are located at positions e and g, while residues b, c and f are exposed 

to the solvent [8]. Such a sequence distribution makes coiled-coil amphipathic, with residues a 

and d forming an internal hydrophobic core and residues e and g forming interhelical ionic 

interactions.  

 

1.1.3 Why Polymer Conjugation? 

The α-helix is among the most common and stable protein secondary structures in nature. 

However, a significant challenge of its development in the biomedical fields lies in its high 

structural dependence on environmental factors, such as temperature, PH, ionic strength or 

pressure [9], especially for short chains [10]. While protein properties, as well as functionalities, 

are controlled by their structural stability, many studies have observed an improvement in helix 

Figure 1.2 Schematic figure of a coiled coil consisting of a number of helices; 
each color represents one helical strand. 
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stability by cross covalently linking side-chain residues or introducing conformational 

constraints to reduce the entropy for helix unfolded states [10, 11]. Helix capping [12, 13], 

increasing the hydrophobicity of the peptide hydrophobic core [14-16], using hydrocarbon 

staples [17-19], introducing specific interstrand interactions [11, 20-22] , and conjugation with 

poly(ethylene glycol) (PEG) [8, 11, 23-27] are examples of effective strategies that have been 

used to enhance helix stability. Experiments have shown no destabilization effect on the helix 

conformation upon PEG conjugation and reported an increase in thermal stability of the peptide 

[26, 28]. Molecular dynamics simulations have also ascertained that PEG chains can preserve 

helical secondary structure [8] by forming a shell around the helix and reducing both peptide 

solvent accessible area and interfacial energy for hydrophobic domain exposed to the polar 

solvent [25]. 

1.1.4 Application  

Coiled-coils, especially with a recently de novo new design [29, 30] have a variety of 

applications. De novo peptide designs are developed with simplified protein folds with which a 

structure-function relationship can be more readily ascertained [31]. The coiled-coils conjugated 

with PEG chains have also become a common choice for building amphiphilic blocks [27], 

which can form micelle structures and thus serve as drug delivery vehicles [28] or nanocarrier 

platform [26, 27] in medical applications. However, the detailed mechanical and thermal 

properties of peptide-PEG hybrid conjugates is still not fully revealed and the effect of multiple 

chain conjugation on their stability and aggregation is uncovered. 
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1.2 Introduction to Amphiphilic Micelle as a Nanocarrier 

Amphiphilic molecules can spontaneously self-assemble into micelles and have been routinely 

used to synthesize nanocarriers. A new design of peptide-polymer conjugates with PEG chains 

covalently joined to each coiled-coil helix strand was reported by Shu et al.. [32] Polyethylene 

glycol (PEG), which has good hydrophilic properties and biocompatibility, has become a popular 

building block with which to synthesize hybrid amphiphilic molecules. When the PEG-helix 

conjugates are further conjugated with hydrophobic alkyl chains as reported in Ref. [3, 27, 33], 

the amphiphilic molecules can form spherical micelles ~15 nm in size. 

10–30 nm nanocarriers are highly desirable as drug delivery and imaging probe vehicles due to 

their ability to penetrate deep tissue or other biological barriers [34-37]. The unique sub-20 nm 

size regime of 3-helix micelles (3HM) assures deep tumor penetration via an enhanced 

permeation and retention (EPR) effect [38-42] and the individual alkyl, peptide, and PEG 

components allow for tunable micelle kinetic stability. [43, 44] 3HM in mice displayed a long 

blood circulation half-life of 29 hours, selective accumulation in tumors, and minimal 

accumulation in the liver and spleen. [45] Systemic delivery of doxorubicin-loaded 3HM to 

tumor-bearing mice showed selective tumor accumulation over other organs. [27] Experimental 

results suggest that 3HM is more effective than liposomes in accumulating and distributing 

within tumor tissue as well as penetrating the blood brain barrier (BBB). [46] 

In summary, stable, long circulating 3-hexlix micelles (3HM) based on amphiphilic 

peptide-polymer conjugates are attractive candidates as drug carriers. However, the molecular 

origins of their behavior and performance are yet to be determined. There is a great need to 

understand the micelle performance from a structural standpoint to develop tunable, stable, and 



26 

 

 

small nanocarriers. Previous experimental studies have reported the effect of alkyl chain length 

and PEG conjugation location along the helix backbone on the stability of 3HM. [43, 44] The 

PEG chains were shown to stabilize the 3-helix micelle by means of entropic repulsion and 

micelles formed with different alkyl chain length showed different size and stability. However, 

the distribution of water molecules and degree of hydration within micelles is unknown. As 

structural deconvolution of the micelle into its individual components is essential, we thus 

utilized molecular dynamics simulation tools to better understand the role of PEG and coiled-coil 

oligomeric states in the structural stability of 3HM.  

1.3 Thesis Outline  

 In order to understand the self-assembly behavior of peptide-PEG conjugates to further 

design micellar nanocarriers with tunable sizes and shapes, we performed a variety of 

computational studies using molecular dynamics. Chapter 2 will have a detailed introduction to 

all the technical methodologies we used in our study. This includes basic computational methods: 

molecular dynamics, three kinds of coarse-grained models we used, and other technologies. Next 

are four specific study results on polymer conjugation. First, with a single polymer chain 

conjugated to different locations of a coiled-coil, and with different conjugate concentrations in 

the system, we explored the melting behavior, unzipping energy, as well as aggregation behavior 

of helix-polymer conjugates. All the details including materials, simulation methods, and results 

will be explained in Chapter 3. Then, coiled-coil trimers with multiple PEG chains conjugated 

onto the surface will be investigated in Chapter 4. With three PEG chains attached to each helix 

strand, we explored the effect of conjugation density on the conformations of attached PEG 

chains, with radius of gyration, density profile, and conformational distribution figures included. 
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Based on the verified coiled-coil stable structure after PEGylation, we developed a CG DPD 

model with explicit water solvent. We look into PEG conformational distributions on different 

conjugation sites and with different molecular weights to design peptides-PEG-lipid hybrid 

conjugates based micelles with tunable sizes and shapes in Chapter 5. We further utilized the CG 

DPD model to study the micelle size and shape with different coiled-coil oligomeric states and 

will provide important insights into the formation of nanophase-separated micelles in Chapter 6. 

At last, in chapter 7, we summarize all the related studies, provide the key conclusions of my 

work and indicate possible research directions to go for in the future. 
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Chapter 2 Atomistic and Molecular Modeling Methods 

2.1 Why Molecular Dynamics? 

There are three approaches to scientific research: analytical, experimental, and computational 

methods. The most promising feature of computational modeling is that it can provide insights 

into problems that cannot be tackled analytically or experimentally. Molecular dynamics is a 

powerful computational tool that enables us to explore the physical and thermomechanical 

behavior of systems at small time and length scales that are challenging to reach using 

experiments. Additionally, some loading scenarios and environmental conditions, such as very 

high/low temperatures or pressures, can be readily applied in MD simulations while they might 

be expensive or even unattainable in experiments. Also, computational models allow us to build 

and simulate systems with high levels of structural and chemical complexity that are difficult to 

design and fabricate experimentally. These remarkable potentials of molecular dynamics 

motivate us to choose this technique to study the behavior of helix bundles conjugated with 

polymer chains and multicomponent micelle structures.  

2.2 Introduction to MD 

2.2.1 Basic Principles of Molecular Dynamics 

  Molecular dynamics (often referred to as MD) is a computational method that can solve 

simultaneous equations of motion for a system of particles at nanoscale, where the particles may 

represent atoms and molecules [47]. In this technique, we assume that each atom or molecule 

acts like a particle with a certain mass, and different particles interact with each other through 
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certain kinds of potentials. The basic idea of molecular dynamics is based on Newton’s Laws, 

where the motion of every particle should at first follow the Newton’s Law of Motion: 

 

Solving equations of motion then leads to particles positions 𝑟8(𝑡), velocities 𝑣8(𝑡), and 

accelerations 𝑎8(𝑡) for each step, and dynamical trajectories of each particle in the system can 

be revealed, indicating overall dynamics of the system and mechanical properties as well. The 

total energy of the system can be written as a sum over kinetic energy (K) and potential energy 

(U). 

From which, the kinetic energy and potential energy are: 

The potential energy is a function of the atomic coordinates 𝑟=(𝑡) (where j=1, 2...N refers to a 

collection over all particles in system) with a properly defined potential energy surface	𝑈(𝑟=), 

the force field terms are obtained as  

𝐸 = 𝐾 + 𝑈 	 (2.2) 

𝐾 =
1
2𝑚B𝑣=C

D

=EF

 
	 (2.3) 

𝑈 = 𝑈(𝑟=) 
	 	 (2.4) 

𝐹 = 𝑚
𝑑C𝑟=
𝑑𝑡C = −∇JK𝑈L𝑟=M, 𝑗 = 1, 2…𝑁 (2.5) 

𝐹⃗ =
𝑑
𝑑𝑡
(𝑚𝑣) = 𝑚𝑎⃗ 

	 (2.1) 
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The numerical problem can only be solved for a system with more than two particles, N>2. 

Typically, MD is based on updating schemes that yield new positions from particles previous 

positions, velocities and current accelerations. For example, in the basic Verlet algorithm, this 

can be formulated as: 

 

Various numerical integration methods, including the common Velocity Verlet method are 

employed to solve the equation of motion, where the material volume is represented by dynamics 

of a large ensemble of particles. This technique can be used for not only atomistic systems but 

also mesoscale coarse-grained systems. However, in particular for all-atom simulations, due to 

high frequency vibration of light atoms, the system requires a time step on the order of 

femtoseconds (1 fs = 10-15 s). Thus, due to computational limitations, MD simulations are 

restricted to time-scales of tens to hundreds of nanoseconds.   

In this thesis, MD is used to explore a number of complex biophysical phenomena, including 

helix bundle self-assembly, multiple polymer conjugation onto helix bundle, as well as micelle 

formation under varies peptide and polymer components.  

2.2.2 Force Fields 

For each system, it is crucial to define a proper interaction potential between particles, and 

then come up with accurate configurations. There are many variations of different kinds of 

potentials [48] including external fields, pair-wise potential and multibody interactions. The use 

of pair-wise potentials is quite common; chemical bonds like ionic, covalent, and metallic bonds 

or physical bonds like Van der Waals interactions and hydrogen bonds can all be represented by 

𝑟8(𝑡R + ∆𝑡) = −𝑟8(𝑡R − ∆𝑡) + 2𝑟8(𝑡R) + 𝑎8(𝑡R)(∆𝑡)C + Ο(∆𝑡U) 	 	 	 (2.6) 
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pair-wise potential terms. The non-bonded potentials describe attractive and repulsive forces 

among groups of atoms, which are typically based on empirical data and first-principles based 

information [49]. One model that is quite common to characterize a combination of repulsion 

and attraction between atoms is known as Lennard-Jones (LJ) potential, which is given as 

where σ is the finite distance at which the inter-particle potential is zero, while ε is the interaction 

strength at the minimum energy.  

In addition, a well-defined multibody interaction, such as the bond angle or torsion angle terms 

in CHARMM force field [50] or embedded atom potential [51], may be important to model 

complex molecular structures. With a combination of all the proper interaction potentials, the 

force field is then defined. 

  Among all the force fields, all-atom force fields are considered to be both reliable and 

computationally efficient ways of studying the dynamics of materials. As for biomolecules, 

OPLS [52], AMBER [53], CHARMM [50], and GROMOS/GROMACS [54] are commonly used 

as force fields and the last three additionally as MD programs or other packages. Also, NAMD 

[55] is another popular molecular dynamics program that can use CHARMM force fields among 

other force fields. For the sake of brevity, only details of the CHARMM force fields will be 

discussed here. Other force fields have similar basic concepts and formulations. 

  The CHARMM potential includes bonded and non-bonded terms to describe short and long 

ranged forces between particles, while contributions to bond stretching, bending, and rotation are 

individually defined in function (2.8), which makes it possible to formulate the dynamics of each 

𝑈VW = 4𝜀(
𝜎FC

𝑟FC −
𝜎Z

𝑟Z) 
	 (2.7) 
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particle [50]. 

 

In the equation above, the constants after summation symbols are bond, Urey-Bradley, angle, 

dihedral angle and improper dihedral angle force constants, respectively, and the terms in 

parentheses are the bond length, Urey-Bradley 1,3-distance, bond angle, dihedral angle and 

improper torsion angle force, respectively, with the subscript zero representing the equilibrium 

distance or angle for each term. Moreover, the Coulomb and 6-12 Lennard-Jones terms constitute 

the external or non-bonded potentials. 𝜀 is the Lennard-Jones energy well depth and 𝑅\]^	(8,=) 

denotes the distance at which particles i and j have zero Lennard-Jones potential. 𝑞8 and 𝑞= are 

the partial atomic charges of particles i and j, respectively, 𝜀F denotes the effective dielectric 

constant, and 𝑟8= is the distance between particles i and j. 

2.2.3 Enhanced Sampling Techniques: Metadynamics 

𝑈L𝑅⃗̀M =B 𝐾a(𝑏 − 𝑏R)C +B 𝐾c(𝜃 − 𝜃R)C
efghij

+
akflj

B 𝐾m(1
l8nilJehj

+ cos	(𝑛𝜒 − 𝛿))

+B 𝐾8st(𝜙 − 𝜙R)C +
8stJktiJ

B 𝐾vw(𝑆 − 𝑆R)C
fkfakfl

+B 𝜀[z
𝑅\]^(8,=)
𝑟8=

{
FC

− z
𝑅\]^(8,=)
𝑟8=

{
Z

]
fkfakflil

+
𝑞8𝑞=
𝜀F𝑟8=

 

(2.8) 
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Due to the short time scale of MD simulations, many problems may evolve in the simulation 

process, such as the relevant configurations might be separated by high free-energy barriers, or 

systems diffuse extremely slowly in the configuration space [56, 57]. Many different methods 

have been developed to speed up the sampling rate of MD simulations, which are often referred 

to as enhanced sampling techniques. Metadynamics (MetaD) is one of the enhanced sampling 

techniques that facilitate sampling by reconstructing the free energy surface as a function of a 

few selected degrees of freedom, often referred to as collective variables (CVs) [56]. In detail, 

the system is biased by a history-dependent potential, which is constructed as a summation of 

Gaussians centered along the trajectory followed by the reaction coordinates, to improve the 

sampling of the phase space (see Figure 2.1).  

Keeping track of the bias potential V (the position where the Gaussian potential functions were 

added), a reconstruction of a negative image of the history energy F is possible under the 

assumption that the time-history potential provides an unbiased estimate of F:   

Figure 2.1 Schematic representation of the idea of metadynamics. 
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The biased potential at time t can be written as:  

 

where, S(r) is the function of the state of the system,	𝜁(𝑡) is the value of the reaction coordinate 

at time t, 𝜏 is the frequency at which Gaussians are added, w is the Gaussian height and 𝛿𝜁 is 

the Gaussian width. 

Using this method, we can provide qualitative information on the free energy of a system in a 

very short time. Given this advantage, we will use this method to analyze energy landscapes in 

Chapter 3. 

2.2.4 Periodic Boundary Conditions and Ensembles 

  For most cases, the number of particles as well as the box size is limited in the MD 

simulations, which may result in different types of surface and size effects and lead to an 

unphysical topology of the system. For example, using a small number of water molecules in the 

simulation box may form a sphere and interrupt the normal simulation process due to the surface 

tension. Thus, periodic boundary conditions are required for certain dimensions. A simple 

analogy of this method is that once a particle leaves the simulation box, an image of this particle 

will enter the box on the opposite side [58], see Figure 2.2. Using this method, we can study 

material bulk properties using a small system. 

  Each system may also need a collection of possible microstates, which are under certain kinds 

lim
�→�

𝑉(𝜁, 𝑡) ≈ −𝐹(𝜁) (2.9) 

𝑉L𝑆L𝑟(𝑡)M, 𝑡M = 𝑤 B 𝑒�
(�L�(�)M��(�))�

����

8E�,C�,…,�

 
	 (2.10) 
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of thermodynamical constraints such as temperature (T), pressure (p), volume (V), total energy 

of the system (E) or total number of particles (N). This idealized collection of a specific system’s 

copies, each representing a type of possible state, is called ensemble, proposed by Gibbs in 1878 

[59]. In detail, different types of ensembles are obtained by keeping the values of three sets of 

parameters constant throughout the simulations, such as isobaric-isothermal ensemble (NPT), 

microcanonical ensemble (NVE), or canonical ensemble (NVT). For each specific system, we 

need a specific kind of ensemble according to our needs, specifically the experimental conditions 

that need to be reproduced.  

2.3 Coarse-grained Modeling  

Even though all-atom models have an accurate description of macromolecular systems, they 

are historically restricted when systems are large or long simulation times are needed, especially 

for self-assembly processes, which have a large number of molecules, including water molecules. 

Thus, a simplified representation of macromolecules with fewer particles, fewer degrees of 

Figure 2.2 Schematic representation of the idea of periodic boundary conditions. 
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freedom, and more simplified bonded and non-bonded interactions that can be easily and 

correctly calculated for longer time scales is required, which is known as a coarse-grained (CG) 

model.  

Coarse-grained models have so far been successfully applied to a wide range of molecules 

including proteins, nucleic acids, lipid membranes, carbohydrates etc., with several distinct 

approaches for developing CG models, including residue-based and shape-based 

modeling strategies in the context of proteins. For the sake of brevity, here, only three 

coarse-grained methods used in the current studies are discussed: GO-like [60, 61] models, 

MARTINI models [62-64] and DPD models, which are all residue based coarse-grained models. 

2.3.1 GO-like Models 

  GO-like models [60, 61] are primarily built for peptides or proteins. In these models, each 

amino acid is represented by a single bead located at the 𝐶� position, with a mass equal to the 

mass of the amino acid. The primary feature of the GO-like model is that the protein structure is 

biased toward its native configuration [61]. The beads are connected with each other through 

harmonic or non-linear springs representing the covalently bonded protein backbone. In detail, 

harmonic potentials are applied to each of bonds and angles while a dihedral term reflecting the 

preferences of the backbone dihedral angles of the residues is included [60]. All the bonded 

potentials follow the formulations in CHARMM force field [65]. For the non-bonded 

interactions, it has the following form [60]: 

 

𝑉8= = 𝜀8=[13z
𝜎8=
𝑟8=
{
FC

− 18z
𝜎8=
𝑟8=
{
FR

+ 4z
𝜎8=
𝑟8=
{
Z

] 
	 (2.11) 
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where rij is the distance between residues i and j, while εij is the interaction strength at the 

minimum energy. It is worth noting that this potential has two distinguishing differences from 

the standard Lennard-Jones potential as shown in Figure 2.3 [60]. First, it has a steeper curvature 

near the minimum than that of a Lennard-Jones function. Second, an additional small energy 

barrier, which is called the “desolvation penalty”, is included which any pair of residues must 

pay before forming a favorable contact. A successful GO-like model makes the residues that are 

in contact in the native state have a favorable attractive energy, while those not in contact in the 

native state have a less favorable interaction, either repulsive, neutral, or less attractive [60]. 

For the conjugates self-assembly studies in Chapter 3, we focus on the interactions between 

helix bundles and its influence on peptides conformations, thus explicit treatment of the water 

solvent is not essential here. GO-like models with peptides native configurations captured are 

employed for computational efficiency to assess whether significant changes from the native 

state are possible during the self-assembly process.  

Figure 2.3 Schematic figure of non-bonded potentials: 
comparison of standard Lennard-Jones potential and 
potential in GO-like models. 
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2.3.2 MARTINI Models 

  MARTINI force field [63] was originally proposed for coarse-grained representation of lipid 

systems, but was later extended to proteins as well. This model is residue based and uses a 

four-to-one mapping, where an average of four heavy atoms are represented by a single 

interaction bead [62-64]. Usually the center of mass of these four atoms defines the interaction 

site, and most beads have a mass of 72 amu (corresponding to four water molecules) [62]. Each 

protein amino acid in this model is represented by one bead for the backbone together with one 

or more beads for the side chain, depending on its dimensional degrees of freedom [64]. To 

simplify this model, basically four types of interactions are introduced: polar (P), nonpolar (N), 

apolar (A), and charged (C). Within these main types, subtypes are defined to precisely capture 

the interactions: they are either modified by hydrogen-bonding capacities (d refers to donor, a 

refers to acceptor, da refers to both, and 0 refers to none); or by a number, from 1 to 5, indicating 

its degree of polarity (1 refers to the lowest and 5 refers to the highest polarity) [63]. 
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  In the MARTINI model, the interaction potentials have similar functional forms as the 

CHARMM force field and only differ in some detailed constant definitions. For bonded 

interactions, harmonic potentials are applied to each of bonds and angles and dihedral and 

improper terms are used for more complicated geometries. As for non-bonded interactions, a 

shifted 12-6 Lennard-Jones (LJ) potential energy function together with a Coulombic potential 

function for charged particles are used. 

  There is a specific well-known issue associated with the MARTINI CG model: since water is 

modeled as P4 particles, it has a relatively high freezing temperature [66]. Specifically, it may 

freeze from 280 to 300K, depending on the simulation conditions. This rapid and irreversible 

freezing process could present a real problem, especially for systems where a nucleation site 

already exists. The use of periodic boundaries enhances the freezing process. To prevent this 

Figure 2.4 Schematic figure of one helix strand and 
polymer conjugates structure: comparison of all-atom 
model and MARTINI coarse-grained model. Smaller 
bonded opaque beads represent the all-atom model, while 
large transparent beads represent the coarse-grained model. 
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unwanted freezing of water in the model, a special antifreeze particle denoted by BP4, with a 

mole fraction 𝑛�� = 0.1, is introduced. For each BP4 -P4 interaction, the LJ interaction strength 

𝜀 is raised to level "Ο", while the length at the minimum energy 𝜎 is increased from 0.47 nm to 

0.57 nm, in order to avoid phase separation and disturbance to lattice packing uniformity. 

For the multiple polymer chain conjugation studies in Chapter 4, the water solvent and its 

related hydrophobic effects play a crucial role in the polymer conformations and structures. 

Hence, we employed a combination of all-atomistic simulations with MARTINI models, while 

CG MARTINI simulation results are carefully examined and evaluated with all-atomistic 

simulation results. A representation of one helix strand and polymer conjugates structure in 

MARTINI model is shown in Figure 2.4.  

2.3.3 Dissipative Particle Dynamics Model 

 Dissipative Particle Dynamics (DPD) is a Lagrangian thermostat coarse-grained simulation 

technique that can be used to describe pairwise hydrodynamic interactions in mesoscale 

materials. This method has been widely used in studying the phase separation of biomaterials 

such as lipid bilayers [67-69], self-assembly behavior of copolymers [70] , and interaction of 

polymer conjugated nanoparticles with lipid membranes [71-73]. In DPD simulations, three 

pairwise forces act additively on each particle: a conservative force 𝐹8=� , a dissipative force 𝐹8=�, 

which serves as heat sink, and a random force 𝐹8=�, which serves as a heat source: 

 

 The conservative force is a soft repulsion term of the form 𝐹8=� = 𝑎8=𝜔 𝑟8= 𝒓8=, where	𝜔 𝑟8=  

𝐹8 =B𝐹8=� + 𝐹8=� + 𝐹8=�,			𝑟8= < 𝑟�
=�8

 (2.12) 
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is a normalized distribution function: 

 

and 𝑎8= is the maximum repulsion that the particles will experience, which can be derived from 

the Flory-Huggins theory of polymers. The interactions between different particles used in these 

simulations can be found as in Table 2.1.  

 The other two forces have the forms 𝐹8=� = −𝛾𝜔C(𝑟8=)(𝒓8=𝑣8=)𝒓8=  and 𝐹8=� =

𝜎𝜔(𝑟8=)𝛼𝛿𝑡�F/C𝒓8= . Here, the time unit 𝜏 = 24.32	𝑝𝑠 is used, and the basic length unit used is 

𝑟� = 0.8	𝑛𝑚 . Other relevant parameters are the dissipation parameter, the random noise 

parameter, and the timestep, for which we use values of 4.5, 3, and 0.006	τ, respectively.  

The driving force for micelle formation is essentially the hydrophobic effects in the 

amphiphilic conjugates, which emerges from the relatively lower repulsive interactions between 

𝜔L𝑟8=M = £
1 −

𝑟8=
𝑟¤
														L𝑟8= < 𝑟¤M

0																									L𝑟8= ≥ 𝑟¤M
	 

(2.13) 

Table 2.1 Interaction parameter between beads i and j, 𝑎8= . 
The magnitude of 𝑎8=	denotes the maximum repulsion that the 
particles will experience. H, P, A, W represent helix, PEG, 
alkyl chains and water beads, respectively. Parameters are 
adopted from Groot [2], and calibrated to match experimental 
studies [3, 4]. 
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“like” particles (e.g. lipid-lipid repulsion is lower than lipid-water repulsion). Considering the 

fact that DPD model has been effectively used to model hydrodynamic interactions especially 

phase separation in amphiphilic molecules, we use DPD model for the micelle related studies in 

Chapter 6 and Chapter 7.  

2.4 Phase Separation Theoretical Studies 

For the theoretical investigation on phase separation in Chapter 6, sample micelles with 3 

different 3helix:4helix ratios were chosen for fragmentation frequency distribution analysis 

(similar to MALDI spectra [74, 75]). Here, all the possible 8-bead-fragmentations in the sample 

micelles were classified according to the number of 3-helix component beads (from 0 to 8). The 

size of the fragmentation was chosen because the total number of beads in the double alkyl chain, 

except for connection beads, was 8. To quantify micro-phase separation, we compared the 

fragmentation density distribution of sample micelles with a random model and calculated the 

sum-of-squares error to provide a metric for phase separation. 
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Chapter 3 Conjugation Effects on Self-assembling Helix Bundles 

It has been found out that the conjugation of helix bundles with polymers, particularly 

poly(ethylene glycol), does not result in unfolding of helices or a decrease in helicity, but may 

preserve peptide thermodynamical stability and induce controlled assembly [3, 8, 10, 24, 26, 27]. 

Previous studies have shown that this stabilization effect may be due to the fact that attached 

polymer chains can act as springs to exert forces on helix bundles, decrease peptide accessibility 

to solvent, and thus preserve their stability [25]. Two kinds of polymer-peptide conjugates have 

been designed recently by covalently attaching a single polymer chain either to the termini 

[76-81] or to the side of coiled coils [24]. These two families of peptide-polymer conjugates 

showed different behaviors; while end conjugation was found to destabilize short helices 

especially at high pH conditions [78, 79], side conjugation was found to enhance the stability and 

preserve the secondary and tertiary structure of the coiled coil through decreasing the steric 

hindrance between polymer chains [10, 24, 82].  

The self-assembly of a coiled coil structure is generally driven by the propensity of peptide 

amino acids to form hydrophobic interhelical interfaces. The amino acid sequence, as well as the 

chain length of the peptides serve as a structure-directing motif and guides aggregation number, 

aggregation stability and aggregate structure [77]. The self-assembly patterns of coiled coils 

conjugated with polymer observed in experiments support this by showing that the coiled coil 

primary oligomeric state is generally retained during the aggregation process [24, 78, 79], with no 

large aggregates observed. For example, Shu et al. [24] showed that for all the investigated 
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concentrations of three-helix coiled-coil-polymer side-conjugates, no distribution of monomers, 

dimers, or aggregates larger than trimers was observed.  

Despite advances in our understanding of coiled-coil-polymer conjugates, the influence of 

polymer conjugation location on the assembly of helix bundles remains to be fully characterized. 

In order to address this question, here we perform coarse-grained (CG) molecular dynamics 

simulations of trimeric coiled coils conjugated with polymer chains. The use of CG models allows 

for extending the length and time scales of observation while saving computational time. This 

method is critically important for simulating a system with a large number of peptides and polymer 

chains. The effect of conjugation location is studied by covalently attaching the polymer chain 

either to the termini or to the middle residue of each helix of the three-helix assembly. First, 

annealing simulations are used to investigate the thermal denaturation and melting behavior of the 

coiled coil with and without the polymer conjugation, and also to validate our coarse-graining 

approach by comparing the obtained melting data with those of experiments. Next, the 

self-assembly patterns of coiled coils both in the absence and presence of polymer chains on 

different sites are studied and the number of assembled clusters as well as the average aggregation 

number are compared for different cases. Finally, we investigate the side and end polymer 

conjugation effects on the energy of unzipping one helical unit from the three-helix assembly 

using metadynamics (MetaD) enhanced sampling simulations. Characterization of the free-energy 

landscape governing the disassembly of coiled coil for different peptide-polymer configurations 

enables us to explain the mechanisms of helix aggregation observed in self-assembly simulations. 
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3.1 Generating Coiled-coil-polymer Conjugates  

In our simulation system, the selected peptide was a trimeric coiled coil, with 29 residues in 

each homo helical strand (pdb id “1coi” in the protein data bank [83]). In building a compatible 

protein coarse-grained model, we used the GO Model Builder by MMTSB Web Service [60]. 

For the GO model, every residue is represented by a single bead located at the Cα position of the 

corresponding amino acid, hence each helix strand was represented by 29 beads, as shown in 

Figure 3.1 (a). All force field parameters for the protein were defined based on the GO model. 

More details about this model were given in Chapter 2.  

GO-like models of a protein are biased toward their native configuration, and thus have been 

successfully used to capture the thermodynamics and kinetics of protein folding. However, one 

should note that the simplified CG model can give rise to some differences in the stability of 

higher order assembly [84]. Specifically, for GO-like models, although they can capture the 

folding/unfolding mechanisms of single helical units, they have some limitations in modeling the 

Figure 3.1 Schematic figure of CG model utilized. (a) Schematic of the coarse-grained model of 
the trimeric coiled coil where each residue is mapped into a single bead located at the position of 
Cα atom of the atomistic structure; and (b, c) schematics of the coiled coil with side and end 
polymer conjugation. 
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hydrophobic interactions and salt bridges between the helical units that stabilize the coiled coil 

tertiary structure. The absence of explicit solvent and ions in the model makes this effect more 

pronounced, since the molecular organization of coiled coils forms based on burial of 

hydrophobic residues in the interior while exposing the polar residues on the exterior of the 

molecule in a water-filled environment. Despite these limitations, the employed model of the 

coiled coil can still provide us with simple means to capture basic aggregation features and 

thermodynamical mechanisms of coiled coils conjugated with polymers.  

The polymer employed in our model was composed of 30 monomers (molecular weight of ~ 

1300 Da) for one chain. Modified MARTINI CG force field of polymer was used to build the 

model [85], where each polymer monomer was represented by a single bead. The bonded 

interactions of the polymer chain, including energy terms for bonds, angles, and dihedrals, were 

taken from ref. [85], while for the non-bonded interactions only the entropic repulsion effects 

due to excluded volume were considered. As discussed above, there are experimental results on 

the differences between side and end conjugation of polymer chains on helix bundles. Thus, in 

our study, we employed two kinds of conjugations. First, we built a model with polymer attached 

to the residue No.15, which is the middle residue on each strand of the trimer (Figure 3.1b). 

Secondly, the polymer chains were attached to the terminal residue of each strand of trimer 

(Figure 3.1c). Since there is no solvent in our system, NVT ensemble was chosen and periodic 

boundary conditions were employed in the three dimensions. For all simulations, except 

annealing simulations, temperature was kept constant at 300 K.  

It is worth mentioning that besides conjugation location, several other factors, including the 

polymer type and chain length, the protein sequence and size, and the environment, may influence 
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the behavior of protein-polymer conjugates. In a previous study [82], Hamed et al. addressed the 

effects of polymer chain length and solvent type (polar versus non-polar) on the stability of a 

peptide similar to the one employed in the current study. It was shown that PEG chains of different 

lengths, from 10 to 40 monomers, stabilize the secondary structure of a side-conjugated helix 

through forming a shielding shell around the peptide and reducing its solvent accessible surface 

area [82]. However, for case of end-conjugated proteins, a long polymer may lead to dissociation 

of the helix bundle [26, 78]. Lund et al. [26] showed experimentally that for a peptide similar to 

that of current study, the protein secondary structure and the coiled coil structure are preserved 

upon end conjugation of a polymer chain with molecular weight of 2000 Da. Based on these 

observations for both side and end conjugation cases, here, we selected a polymer chain with 30 

monomers (molecular weight of ~ 1300 Da) as an example case study to investigate the 

aggregation behavior of coiled coils conjugated with polymers, with the a priori assumption that 

the selected length does not result in coiled coil disassembly.  

3.2 Melting Behavior Investigation with Coarse-grained Model  

Firstly, in order to investigate the thermodynamical behavior of our CG model, we carried out 

melting simulations of a single trimeric coiled coil, with the temperature starting at 300 K and 

being increased to 400 K in increments of 1 K. Different equilibration times, including 0.75, 1.5, 3, 

6, 12, and 24 ns, were employed at each temperature, to study the effect of heating rate on the 

melting behavior of the protein. In order to quantify the structural stability of the coiled coil, two 

parameters were utilized as indicators of peptide helicity: the end-to-end length of each helical unit 

as well as the RMSD (root mean square deviation) of helical units with respect to the coiled coil 

crystalline structure, which were calculated from the simulation trajectories at different 
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temperatures. The annealing simulations considered three different cases: coiled coils with (i) no 

polymer attached, (ii) with side-conjugated polymer, and (iii) with end-conjugated polymer, to 

investigate the effect of the location of conjugation on the coiled coil thermal stability. 

As a result, Figure 3.2 shows a linear relationship between the apparent melting temperature Tm 

(the temperature at which the protein is half-denatured) and the logarithm of heating rate (r), in the 

form of:  

                                                                                                                           

Where the fitting parameters a and b, given in Figure 3.2, are slightly different for the three cases 

employed in simulations. This phenomenon is comparable to a linear dependence of Tm on the 

logarithm of heating rate which was also observed experimentally for the collagen protein [86]. In 

detail, for the smallest heating rate tested in our simulations, the estimated melting temperature 

was ~ 360 K for protein only case and ~ 364-365 K for the protein conjugated with polymer. These 

results are in a reasonable agreement with experimental observations on the melting transition of 

the specific coiled coil structure studied here, which occurs around 343-353 K [24], even though 

relatively short simulation relaxation times and less degrees of freedom in the CG model may 

result in a slightly overestimation of apparent Tm.  

 

𝑇s = 𝑎𝐿𝑛(𝑟) + 𝑏 	 (3.1) 
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In comparison among the three cases, no significant changes were observed in the thermal 

behavior of the protein upon polymer conjugation (Figure 3.2), which is in agreement with 

experimental observations of helices conjugated with polymer either at the end [87] or at the side 

[24]. The minor increase in thermal stability of coiled coil with polymer attachment can be 

attributed to the reduced structural flexibility of peptide conjugated with polymer chain [87, 88]. 

In addition, the simulations confirm the results of previous studies showing that the conjugation 

of polymer does not result in the unfolding of helical units and thus does not destabilize the helix 

secondary structure.  

Figure 3.2 The relationship between the predicted apparent melting 
temperature (Tm) and simulation heating rate (r) for a single trimeric coiled 
coil with no polymer attached, with a side-conjugated polymer, and with an 
end-conjugated polymer. 
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3.3 Self-assembly Pattern Dependence on Conjugation  

In order to investigate the effect of peptide concentrations on its aggregation behavior, two 

methods were employed to control the coiled coil concentration in the simulation box. For the 

first method, we fixed the box volume, while the number of trimers in box varied from 5 to 30, 

more specifically 5, 10, 15, 20, 25 and 30 trimers. For the second one, the number of peptides in 

the simulation box was fixed at 27 trimers, while the box sizes varied by decreasing the 

dimensional distances between trimers. The first method is closer to the experimental setup, 

however, increasing the concentration by increasing the number of trimers existing in the box 

will lead to larger numbers of aggregated clusters. Thus, using this method, it would be 

challenging to discern the effect of peptide concentration from that of peptide aggregation 

propensity in the simulations. On the other hand, using the second method, we could resolve this 

coupling effect by fixing the number of coiled coils in the simulation box. 

Similar to the melting behavior simulations, for all the simulations, three cases of coiled coils 

without polymer, with side-conjugated polymer, and with end-conjugated polymer were 

employed. All the simulation jobs ran for longer than 300 ns. To check the convergence for all 

the simulations, we did an analysis of assembled clusters numbers over all trajectory frames in 

VMD, and assume the system equilibrium within a decrease of 10%. Thus, the final 100 ns is 

chosen to quantify the number of assembled clusters and their average aggregation number. The 

reported values in this study represent the time-associated mean values and standard deviations.  

In the process of self-assembly, no free helical units were observed but some helical units 

shuffled between different trimers, thus we calculated the aggregation number in terms of the 

number of helical units. In defining an assembled cluster, we considered a side-by-side distance 
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of 16 Å between centers of mass of helical units and an end-to-end distance of 7 Å between 

terminals. The selected values were tested by distribution analysis of all the distances between all 

the helical units in a simulation box. It has been found that side-by-side assembly (Figure 3.3a 

Figure 3.3 Example snapshots of self-assembly simulations showing (a, b) the more 
dominant side-by-side aggregation pattern and (c, d) the less occurring end-to-end 
aggregation pattern, for coiled coils with side-conjugated polymer and end-conjugated 
polymer chains. 
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and b) was the dominant assembly pattern for our model, probably due to stability of the initial 

structure of the coiled coil and the favorable hydrophobic interactions between helices, while 

end-to-end assembly (Figure 3.3c and d) still cannot be ignored. Hence, we used the definition 

above to define a cluster, considering both side and end conjugation. Aggregation number is 

defined as a mean value of number of helix strands in each cluster among the box, and number of 

clusters is the number of clusters as defined above; it is a value inverse proportional to the 

aggregation number for a fixed number of trimers in the system.    

The self-assembly results for the number of assembled clusters as well as aggregation number 

are illustrated in Figures 3.4 and 3.5 for the two methods of changing the concentration. For the 

method where the box volume was fixed, the aggregation number increases with an increase in 

concentration (Figure 3.4b), more rapidly for the case of no polymer attached while more slowly 

in the presence of polymer chains. The results for aggregation number correspond well with 

experimental observations of micelle assembly in aqueous solutions [86]. However, the predicted 

results for the number of clusters are different in this method; it increases with an increase in 

concentration for the cases of side and end polymer conjugation, while it first increases and then 

decreases for coiled coils without polymer (Figure 3.4a). This observed trend for the number of 

clusters can be attributed to increasing the number of building blocks existing in the simulation 

box. For the other method where the number of peptides in the box was fixed, increasing the 

concentration gives rise to larger aggregation numbers but smaller number of clusters (Figure 

3.5). Additionally, the results show that peptides without polymer have smaller number of 

clusters and larger aggregation number than both end and side conjugation cases. This finding 

suggests that the steric hindrance by the presence of polymer chain slows the rate of aggregation 
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of conjugated coiled coils compared to the case of pure coiled coils, in agreement with 

experimental observations of other peptide-polymer conjugate systems [79, 88]. Furthermore, 

helices with end-conjugated polymer have larger aggregation number and smaller number of 

clusters compared to side conjugation case. Thus, among the three conformations studied, with 

regard to propensity for aggregation, the case without polymer is the highest and the case with 

side-conjugated polymer is the lowest propensity one. However, it should be noted that the 

formation of clusters with large aggregation numbers observed for the case of pure peptides is 

less likely to occur in experiments where concentrations employed are much lower and the 

sequence specific side-chain interactions generally make dimers and trimers more favorable. As 

such, the CG modeling results here are meant to be qualitative assessments of the role of 

polymer conjugation, rather than quantitative predictions of the most likely aggregation states.  

The dominated side-by-side assembly pattern can also explain why helices with end 

conjugation assemble more easily compared to those with side conjugation; the bulky polymer 

chain at the helix side makes a mushroom-like structure around the coiled coil that decreases the 

possibility of side-by-side assembly with other coiled coils. However, the presence of polymer 

chain at the terminal end of peptide interferes to a lesser degree with the side-by-side assembly 

pattern. 
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Figure 3.4 Results of self-assembly simulations of coiled coils without polymer as well as 
with side and end polymer conjugation showing (a) the number of assembled clusters and 
(b) aggregation number as a function of concentration, where different concentrations 
correspond to different number of trimers in a simulation box of fixed dimensions. 
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Figure 3.5 Results of self-assembly simulations of coiled coils without polymer as well as 
with side and end polymer conjugation showing (a) the number of assembled clusters and 
(b) aggregation number as a function of concentration, where different concentrations 
correspond to a fixed number of trimers in simulation boxes of different volume. 
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3.4 Thermodynamic Properties of Unzipping 

Furthermore, in making a supplement of results of assembly simulations, a metadynamics 

(MetaD) enhanced sampling technique [56, 57] is employed to investigate the energy required for 

unzipping of a single helical unit from a three-helix assembly with or without polymer attached. 

MetaD simulations were performed using the PLUMED [89] plugin implemented in NAMD. In 

order to obtain the free energy landscape of coil unzipping, we defined the collective variable 

(CV), d, as the distance between the center of mass of one helical unit and the center of mass of the 

two others. The lower boundary, upper boundary, and width of the CV were selected as 6 Å, 30 Å, 

and 0.1 Å, respectively. The bias Gaussian functions with a hill height of 0.005 kcal/mol were 

added to the system every 1000 time steps. 

Figure 3.6 Results of MetaD simulations showing the energy required for unzipping of one 
helical unit (shown in blue) from the three-helix bundle without polymer, with   
side-conjugated polymers, and with end-conjugated polymers. The collective variable d is 
defined as the distance between the center of mass of one helical unit and the center of mass 
of the two others. 
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The results given in Figure 3.6 show the unzipping energy along the reaction coordinate d, for 

the cases of coiled coil with no polymer, with side conjugation, and with end conjugation. The 

unzipping energy is the highest for the case of no polymer and the lowest for the side 

conjugation, with the end conjugation case in-between. These results support the observations of 

self-assembly simulations that helices without polymer attachment have the largest tendency to 

aggregation, and thus more energy is required to disassemble them. However, the energy of 

disassembly decreases upon polymer conjugation, possibly due to the entropic effects of the 

polymer chain. It should be noted that the energy landscapes of helix unfolding and coil 

unzipping are distinctly different, and while the polymer conjugation may stabilize the helical 

units against unfolding (as depicted by a slight increase in the melting temperature of peptide in 

the presence of polymer chains), it probably has the adverse effect for unzipping. In a previous 

study, the unzipping energy landscape is characterized using an all-atomistic structure of a coiled 

coil similar to that of current study in an explicit water solvent and found that coil unzipping 

occurs in a sequential manner where heptad repeats of the unzipped coil first unfold and then 

detach from the hydrophobic core one after another in a row [90], giving rise to a number of 

local minima in the energy landscape pertaining to unzipping of each heptad repeat. Here, while 

we still observe the coupled unfolding/unzipping effects, the simple nature of the CG model and 

absence of explicit solvent do not allow us to resolve the individual events of detachment of 

heptad repeats from the hydrophobic core from the energy landscape. Thus, only two states of 

complete attachment and complete detachment can be identified. 

Our results indicate that while simple CG models are useful in capturing the general structural 

features of polymer-peptide conjugates and the effects of steric interactions on assembly 
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processes, their accuracy in predicting the energetics of assembly/disassembly is somewhat 

limited. Alternative systematic coarse-graining approaches similar to recent techniques 

established for polymers [91] may need to be utilized in the near future to improve the accuracy 

of coarse-graining methods for proteins.  
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Chapter 4 Multi-PEG conjugation effects 

In the previous studies, single polyethylene glycol (PEG) conjugation onto coiled coil structure 

has been observed to preserve the peptide helical structure, both in experiments [24, 92] and 

computational simulations [10, 25]. Also, longer PEG chains with larger molecular weights have 

been shown to provide a better stabilization effect due to a larger reduction in the peptide solvent 

accessible area [25]. In addition, PEG conjugated onto the end termini and at the middle side of 

the helix bundle appear to have different conformations and thus stability effects. However, there 

have been no studies so far about conjugation of multiple PEG chains on helix bundle surface. 

We know that prior studies on polymer conjugation onto surfaces and particles have revealed that 

mushroom and brush regimes, defined chiefly by the density of the conjugation and chain length, 

have been found to have quite different properties, including different polymer conformations on 

a substrate or surface [23, 93-97]. One standing question about helix-PEG conjugates is if 

multiple PEG chains are conjugated onto the helix surface, will they form a mushroom-like 

region, with conformations similar to the case of a single chain?    

In theory, polymer chains end-grafted onto a surface or interface, with the density of 

attachment or molecular weight high enough, can have quite different behavior compared with 

flexible chains in a solution. Those chains, which are called “polymer brushes”, can often stretch 

away from their substrate and have much larger size [23, 98]. While the tethering distance is 

much larger than chain size or the chain molecular weight is small, polymer chains may be 

isolated from each other, and those are in the “mushroom” region instead [23]. 

In testing this assumption, we performed molecular dynamics simulations on NAMD, using a 
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MARTINI coarse-grained model [63] to save computational time. Additionally, all-atom 

simulations were carried out for shorter chains and smaller systems to check the structural 

stability of the peptide and also test the accuracy of CG models. Using the all-atom simulation 

results, helix bundle helicity is determined to investigate the helical structure and coiled coil 

configuration of the peptide upon the conjugation of multiple PEG chains. To quantify the size of 

PEG chains on helix bundle, PEG radius of gyration is calculated with varied molecular weights 

for both all-atom and coarse-grained simulations, which may also validate the CG model in this 

field of study. Afterwards, PEG chains density profiles as well as conformational distribution 

heatmaps will be quantified, in order to investigate the PEG chains conformational behavior on 

the helix bundle. At last, we will wrap up all the results by relating them to the brush theory, and 

make a prediction about the size requirements of polymer chains to form a brush regime on helix 

Figure 4.1 Schematic figures of polymer brush and mushroom region. For a 
grafting distance S much larger than polymer size R, the chains form a 
mushroom, while with S grafting distance much smaller than the polymer size H, 
the chains adopt a brush conformation. 
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bundle surface, for the sake of future research.  

4.1 Building Multi-PEG-helix Conjugates 

The trimeric coiled coil structure we used in this study is composed of 29 residues with pdb id 

“1coi” in the protein data bank [83]. On the basis of this structure, the residues at position 7, 14, 

and 21 of each strand of the coiled coil were replaced by cysteine in our study to make easier the 

attachment of three maleimide-capped PEG chains, which have been used in experiments[24, 92], 

to each helix. In our all-atom model, the employed PEG chains had 10, 20, 30, and 40 monomers 

with molecular weights of 442, 882, 1323, and 1763 Da, respectively. A schematic figure of the 

all-atomistic structure is shown in Figure 4.2 (a).  

For the coarse-grained simulations, longer chain lengths with up to 120 PEG monomers were 

Figure 4.2 Schematic figure of the coiled coil-PEG conjugate structure, where three PEG 
chains are attached to residue 7 (blue chains), 14 (red chains), and 21 (green chains) of each 
helical strand. The trimeric coiled coil is consisting of three α-helices with a sequence of 
Ac-EVEALESKVAALESKVQALESKVEALEHG-CONH2. For (a) all-atom model figure; 
(b) MARTINI coarse-grained model figure. 
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also considered. The coarse-grained coiled coil structure was constructed using the CG Builder 

plugin implemented in VMD [99], which uses the MARTINI model [63, 66] for coarse-graining. 

The coarse-grained PEG model was also built using a similar procedure, where each monomer 

was mapped into a single bead [85]. All those models use a CHARMM force field [100], which 

makes NAMD an applicable software for the simulations. A schematic figure of the 

coarse-grained structure is shown in Figure 4.2 (b). 

In both all-atom simulations and coarse-grained simulations, the peptide-PEG conjugate 

structures were solvated in a water box, with 15 Å padding (TIP3P water model is used for 

all-atom simulations, as for the coarse-grained model, a water MARTINI model [63] is used). 

Periodic boundary conditions were employed in all three dimensions to avoid surface effects and 

obtain bulk properties. In order to preserve the water pressure constant to prevent unphysical 

topologies in the system, NPT ensemble was used for all the simulations. For all-atom models, 

simulations ran in equilibrium for 50 ns followed a 30000 steps minimization. As for 

coarse-grained simulations, longer simulations up to hundreds of ns were required to reach 

equilibrium since longer PEG chains were employed. The equilibration of simulation jobs was 

assured by checking the convergence of the PEG radius of gyration.  

4.2 Helicity Investigation upon Multiple Chains Conjugation 

First of all, all-atom simulations results are used to check the coiled coil helicity and assure 

that multiple PEG conjugation does not perturb the structural stability of helices. In this study, 

the secondary structure was quantified using the STRIDE algorithm implemented in VMD [99]. 

Figure 4.3 shows the average fractional helicity of the coiled coil for different PEG molecular 

weights. Our simulations indicate that, for all of the PEG molecular weights studied (442, 882, 
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1323, and 1763 Da), conjugation of nine PEG chains does not induce helix unfolding but, on the 

contrary, slightly enhances the helical content of the conjugated peptide compared to the 

non-conjugated coiled coil. This trend is in line with previous experimental [24, 76, 92] and 

simulation [10, 82, 101] observations of a single PEG chain conjugation. Additionally, the small 

values of root mean square deviation (RMSD) of the peptide structure with respect to the coiled 

coil crystalline structure (secondary axis of Figure 4.3) ascertain that the trimeric structure of 

coiled coil is preserved for all PEG molecular weights studied.  
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With this conclusion, we can investigate the PEG chains conformations onto helix bundle as 

the next step, while helix bundle can be treated as a relatively stable cylindrical surface or 

substrate in future discussions.  

4.3 Multi-PEG Chains Conformational Probabilities Study   

To quantify the size of PEG on helix surface, we calculated its radius of gyration (Rg) as in 

Figure 4.4. The scaling of average Rg with molecular weight generally follows the relationship

N
g nR M , where 𝑁 = 0.5 for an ideal chain [25]. Here, we present the Rg of multi-PEG chains 

Figure 4.4 The average radius of gyration (Rg) of all conjugated PEG chains for the case 
where three chains are attached to each helix of coiled coil and its comparison with the case of 
single side-conjugated PEG chain, both all-atom and coarse-grained simulation are included. 

 

Figure 4.3 Fractional helicity of the peptide as a function of PEG molecular weight (Mn; black 

solid circle markers), based on predictions of all-atom molecular dynamics simulations. The 

secondary axis (red solid square markers) illustrates the root mean square deviation (rmsd) of 

the peptide structure with respect to the crystalline structure of the coiled coil for different 

PEG molecular weights. Both the helical content and coiled coil configuration of the peptide 

are retained upon the conjugation of multiple PEG chains. 
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for both all-atom and coarse-grained model simulations. For the molecular weights studied, the 

values of Rg for the cases of single chain and multiple chains are close; they are indiscernible at 

low molecular weights. However, slight deviations are observed at high molecular weights, due to 

the confinement effects induced from other chains. One may also note that the Rg results for 

coarse-grained model are slightly smaller than all-atom results, due to less degrees of freedom in 

the process of coarse-graining. Regardless, for the molecular weights studied, Rg values for a 

single isolated chain versus three chains conjugated to a helix are very similar, implying that the 

polymer chains still adopt a mushroom-like conformation on the coiled coil surface. Meanwhile, 

the coarse-grained simulation results agree well with all-atom simulation results, which validates 

the accuracy of the coarse-grained model and makes it applicable to perform larger molecular 

weight simulations and to save computational time.  

We also obtained conformational distribution plots of PEG chains in the xy plane of a 

Cartesian coordinate system and in the rz plane of the cylindrical coordinate system, based on 

all-atom simulation results for all the four molecular weights during the equilibrium states. In the 

Figures 4.5 and 4.6 below, we used red color to represent the highest probability of PEG 

presence and blue as the lowest presence probability. Three different types of lines highlight 

three PEG chains influence regions around the three helices of the coiled coil, and solid lines 

show the boundaries of each helix strand. As for the rz plane (Figure 4.6), z is along the coiled 

coil length, and r is the radial distance from the z axis as shown in Figure 4.2. We can make a 

conclusion based on the figure that for all studied PEG Mn, the three attached polymer chains 

sweep a mushroom-like region around the exterior of each helix of the coiled coil, which 

contributes to the enhanced structural stability of conjugated coiled coil. As the PEG molecular 
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weight increases, the size of these influence regions gets larger, in agreement with an increase in 

Rg with Mn. In addition, at lower molecular weights (10 and 20 monomers), the three 

mushroom-like regions around the three helices of coiled coil have more or less distinct 

boundaries and do not overlap significantly. However, at higher densities (30 and 40 monomers), 

the three regions overlap more and extend further away from the coiled coil, due to steric 

hindrance of bulky PEG chains and the limited space available to them on the helix surface. These 

findings confirm that indeed the higher conjugation density has some effect on the conformations 

of the polymer chains. However, the interactions between the polymer chains do not destabilize the 

coiled coil structure at these low molecular weights. 
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Figure 4.5 Conformational density distribution of the three PEG chains attached to each helical strand of 
the coiled coil for chains with (a) 10, (b) 20, (c) 30, and (d) 40 monomers. The x and y axes denote the 
cross-section of the coiled coil (see Figure 4.2). The boundaries of the helices are shown in solid white 
lines while the boundaries of PEG influence regions are depicted by dashed and dotted white lines. The 
red and blue colors denote, respectively, the highest and lowest values of density over the time of 
simulation and the color bar ranges are different for different panels. 
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Figure 4.6 Conformational density distribution of all PEG chains attached to the coiled coil for chains with (a) 
10, (b) 20, (c) 30, and (d) 40 monomers. The r axis denotes the radial distance from the z axis, which lies along 
the coiled coil length (see Figure 4.2). The boundaries of the coiled coil are shown in solid white lines while the 
boundaries of PEG influence regions are depicted by dashed and dotted white lines. The red and blue colors 
denote, respectively, the highest and lowest values of density over the time of simulation and the color bar 
ranges are different for different panels. 
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The r-z density maps (Figure 4.6) also show that higher molecular weight PEG chains have 

larger influence regions, which is in agreement with x-y plots and Rg. Additionally, they denote 

that in the vertical direction (along the z axis), the PEG chains have large influence regions. Thus, 

PEG chains prefer to extend to the helix exterior region, rather than helix bundle edges.  

Furthermore, a probability density distribution profile is included for all the chain lengths 

studied in coarse-grained model, in order to extend the observations of all-atom simulations to 

larger molecular weights. Here density is calculated as the number of PEG molecules (carbon or 

oxygen) per volume of the region bounded between cylinders with inner and outer radii R and 

R+r, respectively. As shown in Figure 4.7, with increasing chain length and thus increasing 

molecular weight, the density profile has a flatter curvature, which is in agreement with both 

experimental and simulation results [102, 103]. Previous studies have shown steep decreasing 

Figure 4.7 Probability density distribution profile of all PEG chains attached to the coiled coil for 
chains with 10, 20, 30, 40, 60, 80 and 120 monomers. The x axis denotes the radial distance of each 
monomer from the z center of mass of the helix bundle scaled by the radius of gyration, and the y 
axis denotes the distribution probability at certain distance normalized with the volume.  
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curvature after peak for brush-like distribution while parabolic-like density profile for mushroom 

region [102, 103]. For all the molecular weights, the density profile has a distinct rounded peak 

and a monotonic decay to zero, which are the characteristics of a mushroom conformation.  

4.4 Prediction with Brush Theory  

With the conclusion above, a question may rise on what chain lengths are required to transition 

to from a polymer mushroom to a polymer brush regime. There are a wide range of polymer 

tethering variations considering interface, polymer and solvent. For example, polymer can be 

tethered on flat planar substrates [23, 96, 97, 104], surface of cylindrical [95, 103, 105-107] or 

spherical [108-110]. For our case, however, we studied helix bundle, which forms a cylindrical 

surface with limited interaction surface, and PEG chains were end-grafted to it. In order to probe 

the interaction between helix and PEG and thus the conformation of PEG onto helix surface, we 

need to first find a criterion to distinguish brush and mushroom region.  

Several theoretical works have been done to describe the behavior of polymer chains grafted 

on a surface. First, Alexander [111] and de Gennes [112] used a scaling theory (SF) to model 

each polymer chain as a sequence of “blobs” instead of Gaussian chains used in previous models. 

Based on this model, Self-Consistent-Field (SCF) approach, single chain mean field theory [113] 

and analytical solutions of SCF (ASCF) [98] were proposed to solve the problem. However, the 

analytical approaches, such as ASCF and SF, are not valid for shorter chains, 200n , according 

to experimental observations [23]. Thus, in our study, we employed the Single Chain Mean Field 

theory (SCMF) to predict the brush region, since this theory has been found to be valid not only 

for smaller molecular weights similar to our case [23] but also for both planar and curved 

surfaces. 
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A reduced surface coverage is first defined as * 2
gR= , with M

S
= , where M is the 

number of chains tethered to surface, S is the total surface area, while gR is the bulk radius of 

gyration of the chain attached (mean value over all the 9 PEG chains in our study). Furthermore, 

we model the surface area of the helix bundle as a perfect cylinder, which has a surface area of 

2S Rl= , with 16R Å= and 36l Å= according to the model we built. Three regions are defined 

based on this surface coverage: the mushroom region for * 1<  , a mushroom to brush transition 

region for *1 6< < , and a brush region for * 6>  [23]. Thus, in order to build a brush region, 

we need at least a 27gR Å> . Using this gR value in our n gM R  relationship [25] leads to a 

minimum PEG chain length of 150. However, one should also notice that this calculation is 

rather simple since we take the helix surface as a perfect cylinder, while PEG tends to patch onto 

helix surface rather than the area in-between three helices, and also the surface curvature is not 

considered in our formulation. Additionally, most theories have a 2D surface, while for our case, 

it is a three-dimensional surface with much larger stretching area. This, therefore, makes our 

prediction underestimated.  

Moreover, for a polymer brush grafted to a cylindrical surface, the scaling of the brush 

thickness, H, with molecular weight is given as [94, 114]: 

𝐻 ∝ 𝑀f
R.¬­𝜎R.C­𝑅R.C­ 	 (4.1) 
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where  is the grafting density and R is the cylinder radius. Assuming that H and Rg are related 

[94], it follows that 0.75 0.25 0.25
g nR M R  in the brush regime. For a given coiled coil conjugated 

with a fixed number of chains, the theoretical prediction of 0.75
g nR M  for a brush conformation 

is clearly different from our CG results of 0.55
g nR M , confirming that the system is far from a 

brush regime (see Figure 4.8), which is expected to occur at much larger molecular weights on 

high curvature surfaces such as a coiled coil. However, we continue to investigate the conjugation 

of much longer PEG chains or increasing the conjugation density which, according to the 

aforementioned theories, may make it possible to observe the formation of a brush regime in the 

future studies. 

Our study elucidates pathways to design of new bimolecular materials with desirable 

Figure 4.8 PEG chain radius of gyration trend with increasing chain length. All results are from CG 
model simulations; red squares indicate calculated data points, while solid blue line shows the fitting 
line for all simulation data, and the black dash point line depicts the predicted values of Rg if the 
chains were in the brush regime.  
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functionalities. The presence of polymer chains directs the higher order organization of peptides, 

such as formation of micelles [3, 33, 115] and nanotubes [116], and makes the peptides 

compatible with a polymeric matrix. Conjugation with multiple chains, rather than single high 

molecular weight polymers, may be one strategy for improving stability and compatibility in 

biomaterials and drug delivery applications. Our study also opens possibilities for future 

investigations of peptide-polymer conjugates with a broad range of polymer grafting densities. 

The methodology established here might eventually be useful to explore the possibility of using 

the conformational variability of polymer chains to generate stimuli-responsive switches that 

activate helix folding/unfolding upon changes in temperature, pressure, or solvent quality.  
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Chapter 5 Design of 3-helix Micelles with Tunable Shapes 

Drug carrying micelles with tunable stability and size are needed to address challenges in 

delivering therapeutic compounds into cells in a targeted fashion [1, 46, 117-120]. Polyethylene 

glycol (PEG), which has good hydrophilic properties and biocompatibility, has become a popular 

building block with which to synthesize hybrid amphiphilic molecules that can assemble into 

micelles with appropriate nanoscale dimensions and adjustable stability [121, 122]. A new design 

of peptide-polymer conjugate of the 3-helix bundle peptide covalently conjugated with PEG 

chains on each helix strand was reported by Shu et al. [32] When these PEG-helix conjugates are 

further conjugated with alkyl chains, they form spherical micelles ~15 nm in size [3, 32]. For 

penetrating deep tissue or other biological barriers, micelles used as nanocarriers usually need to 

have a diameter of in the range of 10-30 nm. [44, 46] 

The small diameter of 3-helix micelles makes them favorable for these applications, however, 

the self-assembly mechanisms and molecular design parameters controlling the size and shape of 

these assemblies remain to be fully established. For this specific newly designed micelle, the 

aggregation number, which is the number of amphiphile molecules assembled in a single micelle, 

is one of the most common criteria to quantify the micelle size. Dong et al. found that with PEG 

chains conjugated farther from the alkyl core, larger micelles are formed due to better geometric 

packing [44]. They also found that intermolecular interactions and molecular packing dictate 

micelle stability [3, 44]. Systematic efforts aimed specifically at creating very stable helix 

micelles have previously focused on chemically crosslinking the polymers of the outer shell 

layer [123-126]. Covalent networks formed in this fashion would stabilize the micelle at the 
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expense of limiting degradation, which compromises the drug release process [127]. In the case 

of PEGylation without crosslinking, it is possible that intermolecular cross-interactions between 

the polymer chains give rise to some cohesion forces between subunits, which may help provide 

some stability without hindering micelle degradation. This necessitates understanding PEG 

conformational dynamics in assembled micelles.  

In the work by Dong et al. [44], density profiles of the micelle core and shell distribution were 

obtained through fitting the small angle x-ray scattering (SAXS) data, where they examined how 

PEG chains covalently conjugated onto different sites of the peptides exhibit differences in the 

SAXS measurements. It was found that a combined effect of the PEG confinement under micelle 

morphology and the geometric packing of trimeric subunits dictated both the stability and size of 

formed micelles. However, the PEG chain conformational behavior cannot easily be 

characterized from SAXS measurements due to limited scattering contrast between peptide/PEG 

and consequent challenges in separating scattering contributions. 

Building on the insights gained from these experimental studies, here we aim establish a 

simulation-driven design framework for controlling the size, shape and stability of 3-helix 

micelles. In order to shed light on the behavior of conjugated PEG chains and their effect on the 

formation of micelles, we use a coarse-grained molecular dynamics (CGMD) model based on the 

dissipative particle dynamics (DPD) technique to extend the length and time scales of simulation. 

Atomistic molecular dynamics (MD) simulations of the self-assembly of a large number of large 

conjugated subunits is still prohibitively expensive computationally, which necessitates the 

development of coarse-grained formulations for these novel systems. We first conduct a 

comprehensive investigation of micelle formation from subunits with different PEG conjugation 
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positions. The impact of PEG conjugation site on resulting micelle size is examined, and we also 

compare the conformation of PEG chains in micelles, on an isolated subunit (PEG and alkyl 

chains conjugated 3-helix bundle), and freely distributed in aqueous solution. Our analyses 

reveal the complex effects of the PEG chain length and conjugation location on chain 

conformation, packing, emergent micelle structure and internal mobility. Through quantitative 

studies and analysis on the conjugated position’s effect on micelle morphology and dynamics, we 

provide a computational phase diagram that summarizes the range of molecular weights and 

possible conjugation locations for stable spherical micelle. 

5.1 Modeling Approach and Force Field Terms 

Our system consists of a coiled coil consisting of three alpha helical peptides, with each helical 

strand conjugated with an alkyl chain on N terminus and a PEG chain on the residue position 7, 

14, 21 or 28. As a representative 3-helix bundle, here we study a peptide that consists of 29 

residues on each strand. The atomistic structure of this triple helix coiled coil is available in the 

Protein Data Bank ( PDB ID ‘1coi’ [83]). Given the length and time-scale limitations of 

all-atomistic simulations, here we choose to establish a coarse-grained molecular dynamics 

simulation methodology for this system. The model parameters include those for the peptide, for 

the conjugated polymer chain, the alkyl tail group, and the solvent environment, which in this 

case represents water. Our goal here is to evaluate the effects of PEG conjugation position on 

micelle formation and stability. We investigate systems with three different conjugation positions 

that have recently been synthesized by Xu group: the PEG chain is attached to each helical strand 

on (i) residue 7 (near N-terminus, denoted as “P7”), (ii) residue 14 (in the middle of strand, 

denoted as “P14”), or (iii) residue 28 (near C-terminus, denoted as “P28”). 
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For these amphiphilic conjugates, previous experiments and simulations have reported that the 

triple helix coiled coils maintain their secondary (helix) and tertiary (coiled-coil) structure 

regardless of PEG conjugation site or density [32, 76, 101, 128, 129]. In fact, a slight increase in 

helix stability can be seen due to the shielding effect of the conjugated PEG chains and enthalpic 

interactions between PEG and peptide surface [25]. Based on both experimental and 

computational analyses, here we assume that conformational changes within the coiled coil are 

negligible during self-assembly. Therefore, for computational efficiency, we model the 3-helix 

peptide domain as three homogenous rigid rods, with every residue represented by one single 

hydrophilic bead for computational efficiency. This approach has been frequently used and 

proven to be efficient in protein modeling [130, 131]. To mimic the peptide’s coiled coil tertiary 

structure, each rigid rod was rotated 16.71° to fit the helix end-to-end vectors. A schematic of the 

coarse-graining procedure is shown in Figure 5.1 (a).   

Our polymer conjugate model is modeled after polyethylene glycol (PEG), which is the most 

commonly employed polymer in polymer-peptide conjugates including α-helices [3, 76-81]. We 

investigate the conformational behavior of PEG chains and their effect on micelle formation by 

adopting coarse-grained (CG) MARTINI parameters for PEG that were recently developed by 

Lee et al. [132]. A previous study conducted by Li et al.[71, 133] on PEGylated nanoparticles has 

validated this model when used with the DPD technique. In this model, each PEG monomer is 

mapped onto one single hydrophilic bead. The bond and angle term parameters of the PEG chain 

are taken from ref. [132], but are expressed in terms of DPD reduced units; while the non-bonded 

interactions are mapped to the conservative force 𝐹8=�  in DPD. For studying the effect of the 

conjugation site on self-assembly, we keep the length of the PEG chain constant at degree of 
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polymerization DP = 44 (molecular weight ~ 2000 Da). This is comparable to designs that have 

been recently characterized experimentally [4, 26]. We also investigate molecular weight effects 

on self-assembly separately, by studying four different cases, specifically DP = 10, 20, 30, and 

60.  

The lipid hydrophobic tails linked to the N-terminus of the peptides were also modeled using 

the DPD method [67, 68]. In our simulations, the hydrophobic tail contains two linker beads, 

directly connected to the end of each helix strand. Two alkyl chains are connected to the linker 

group (see schematic Figure 5.1 a). Each alkyl bead represents a three to one mapping of atoms 

to beads, and has roughly the same liquid volume as the PEG bead. All the alkyl beads including 

linkers are hydrophobic in water. Bond and angle terms as well as non-bonded conservative force 

Figure 5.1 (a) Schematic figure of a 3-helix bundle with the PEG chain and the alkyl 
chain conjugated on one strand, the cylindrical coordinate here originates in the center 
of the whole triple helix bundle, with z axis along the average center of the 3-helix 
bundle and r axis vertical to the length of triple helix bundle and (b) a sample micelle 
(aggregation number is 15) from simulation results, with PEG conjugated on position 
14, R here indicates the distance to the micelle center of mass. The helical strands 
(cyan) together with their conjugated PEG chains (pink) form the shell of this spherical 
structure, while the alkyl chains (yellow) and their connection points (purple) to the 
helical strands form the core of the sphere. Figure (a) shows the coarse graining method 
of one single helix strand together with polymer chains conjugated on it.  
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interaction parameters of the alkyl beads were adopted from ref. [67, 68, 71]. 

	
	

5.2 Simulation Details for Self-Assembly Studies 

Each system simulated consists of 100 amphiphilic subunits. These subunits are randomly 

distributed in the box using Packmol [134]. We also study mixed systems of P7, P14, and P28 at 

equal ratio, where the total number of molecules is 99. All systems are solvated in water to 

satisfy a particle density of 3 beads per unit cubic volume. All simulations are carried out for 

approximately0.9	𝜇𝑠~1.5	𝜇𝑠, and tend to reach equilibrium before 800 ns. The equilibration of 

each simulation is assured by checking that the average micelle aggregation number is a stable 

value that does not decrease or increase by more than 3 in 200 ns. The last 150 ns of the whole 

simulation are chosen for data analysis. As suggested by the error bars on Figure 5.2, and 

discussed below, the assembled micelles show a distribution of sizes. We consider subunits as 

members of a micelle when their alkyl chains are within a distance of 3	𝑟�  from each other. The 

aggregation number here indicates the number of peptide-polymer conjugates (including one 

peptide strand together with the conjugated PEG and alkyl chain) in an assembled micelle. In the 

studies of PEG conformational behavior, we focus on assembled micelles that agree with the 

experimentally known sizes in order to make direct comparisons between simulation and 

experiment. For micelles with PEG conjugated to P7, P14, and P28, we chose micelles with 

aggregation numbers of 27, 45, and 54 monomers respectively [44]. To validate the PEG model 

in our DPD simulations, Table 2 compares the Rg and Ree predicted from our DPD PEG model 

with experimental results [26, 132].  

We report values for a free PEG chain in solution, and PEG on an isolated subunit for all PEG 
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conjugation positions and molecular weight 2000 Da. In our DPD model, PEG in solution has Rg 

14.8±2.9	Å, which is in good agreement with the experimental value (16±3	Å) and MARTINI 

CGMD value (14.5±0.2	Å) [132]. PEG on an isolated triple helix bundle also has a Rg value 

15.2±1.7	Å, which is comparable to experimental SAXS data 11±4	Å (error due to the resolution 

of SAXS) [4, 26]. The slight difference compared with experiments might be due to the fact that 

in the simplified DPD model, the interaction surface area between the PEG chain and peptide is 

smaller. Overall, these results confirm that this model is a good representation of the PEG 

Figure 5.2 Size of the micelle (aggregation number) as a function of 
different PEG chains conjugated sites. Figure (a) shows the average 
micelle size in system for different cases, while (b) shows the largest 
micelle size for different cases. For all the three different conjugation 
sites (7, 14, 28), average values and standard deviations are indicated, 
while dual mixture case includes a mean value of the mixture P7&P14, 
mixture P7&P28 and mixture P14&P28. 
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conformational behavior in a conjugated state. 

In the “cohesive interaction density” analysis, a cutoff distance the same as the DPD 

conservative force cutoff distance (1 𝑅�) is used to find the beads from other triple helix bundles 

in proximity to each PEG bead. 

5.3 CG Model Validation with Experiments 

First, we present simulations that investigate the self-assembly behavior of the PEGylated 

peptides. The driving force of self-assembly is the hydrophobic effect induced by the explicit 

water solvent molecules, which interact unfavorably with the alkyl chains. This effect causes the 

subunits to aggregate into larger clusters with the hydrophobic alkyl chains forming the micelle 

core and hydrophilic PEGylated peptides forming the shell in a reproducible core-shell structure. 

An example of a formed micelle can be seen in Figure 5.1 (b), which corresponds to an 

aggregation number of 45 monomers. The most common simulation outcome is the formation of 

spherical micelles comprising these self-assembled subunits. This observation can be explained 

by Minton’s excluded volume theory on the effects of isovolumic change on macromolecular 

conformations [135]. In this theory, for a constant fraction of occupied volume, rounded particles 

have a smaller excluded volume than anisometric ones. Even though other morphologies, such as 

bowl-like and cylindrical aggregates, are also observed both in experiments [136] and 

simulations of copolymer self-assembly, a spherical micelle is more common for amphiphiles 

with large hydrophilic:hydrophobic ratios and consequent relatively low aggregation numbers, 

such as those observed herein. Indeed, larger micelles were more frequently non-spherical in our 

simulations than were smaller ones. As we believe spherical micelles are most relevant for drug 

delivery applications, sample micelles are chosen for analysis, taking care to match the average 
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experimental aggregation number.  

To study the effect of PEG conjugation site on micelle formation and size, we calculated 

several micelle characteristic parameters from the simulation results. First, we calculated the 

aggregation number of the largest micelle in each simulation box, as shown in Figure 5.2, to 

quantify the micelle size for different conjugation sites. We also calculated the average 

aggregation number of all micelles over three trials in order to reduce statistical variations. The 

average aggregation number 𝑁e²iJegi indicates the typical micelle size for each case. The 

largest aggregation number, 𝑁se³ in either scenario is indicative of the micelle stability. One 

should note that, in terms of 𝑁se³, P14 has the lowest degree of size dispersity. We also find 

that conjugate positions closer to the hydrophobic core result in a smaller micelle size, with 

𝑁e²iJegi 𝑃7 = 26, 𝑁e²iJegi 𝑃14 = 32, 	𝑁e²iJegi 𝑃28 = 53 , and these findings agree relatively well 

with experimental observations [44]. The lowest 𝑁se³  for P14 conjugation indicates that 

micelles formed in this case have high sphericity, suggesting that this intermediate conjugation 

site may be the best option for stable micelles with controlled shape. Additionally, we present 

analyses on the self-assembly of dual mixture combinations and triple mixtures of P7, P14, and 

P28 in equal stoichiometric ratios. As shown in Figure 5.2, all mixture cases result in assembly 

of micelles with polydisperse sizes. We also observed large micelles forming and disassembling 

frequently in the simulations, especially for the P14 and P28 dual mixture case. For drug delivery 

purposes, an ideal drug carrier should have a uniform size and stable structure. Therefore, 

subunits with the same conjugation position should lead to assemblies with more reproducible 

size distributions.  
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Figure 5.3 Distribution of PEG chains as a function of 
distance to the center of a micelle, and comparison with 
experiment. Three conjugation sites are included: (a) PEG 
chains conjugated on P7; (b) PEG chains conjugated on P14; 
(c) PEG chains conjugated on P28. A comparison between 
experimental (dashed lines) and CGMD (solid lines) is shown 
above. For the CGMD results, all the data are collected from 
the sample micelles. For both experimental and simulation 
data, the micelle core (red lines) comprises the alkyl chains, 
and the micelle shell (black lines) comprises the peptides with 
conjugated PEG chains. 
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To validate the micelle model, the radial distribution of PEG and alkyl chains by volume 

fraction is also presented and compared with experiment, shown in Figure 5.3 (a)(b)(c), for 

conjugation site P7, P14, P28 respectively. Comparing with previous experimental results on 

different PEG conjugation sites fitted from SAXS data, we see a good agreement both on micelle 

size, as well as micelle core-shell distribution. 

The core size shows particularly good agreement, and both DPD and experiments report core 

radius size in the range of 20-30	Å. As for the PEG (shell distribution), both DPD and experiment 

report the same trend that PEG conjugated further from the micelle core results in a larger 

micelle. The parabolic distribution of the hydrophilic outer shell indicates a spherical structure, 

as expected. However, the SAXS data shows a smaller shell distribution area than DPD predicts, 

which may be due to the fact that these dimensions from experimental data are obtained using a 

Gaussian model for the distributions, leading to a smoother curve. The reduced attraction area 

between PEG and peptides in the CG DPD model results in decreased micelle shell hydration. 

This explains why the shell distribution curve from simulations slightly overshoots the 

experimental curves. Additionally, we anticipate that the coarse-grained nature of the water beads 

may also make them difficult to enter micelle shell region. This could be another possible reason 

for the underestimated degree of hydration and shell distribution in simulations compared to 

experiments.   

 

5.4 PEG Chains Conformational Analyses 

We can gain additional insight into PEG conformations by examining the radial distribution of 

each micelle component by weight fraction, as shown in Figure 5.4 (b)(c)(d), for conjugation site 
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P7, P14, P28 respectively. As expected, conjugating the PEG molecule further away from the 

micelle core shifts the PEG distribution outwards towards the micelle periphery. The P28 micelle 

shows a much flatter distribution that extends to the outer region of the micelle. The greater free 

volume available at the periphery of the micelle decreases the likelihood of individual PEG 

chains contacting neighboring chains. Comparing Figure 5.4 (b)(c)(d) to PEG on a single subunit 

Figure 5.4 Distribution weight fraction of all micelle component beads and water beads as a function 
of distance to the micelle center of mass, including cases for all the three different PEG conjugation 
sites. (a) PEG chains conjugated on P7 of the isolated triple helix bundle; (b) PEG chains conjugated at 
P7 in the sample micelle; (c) PEG chains conjugated at P14 in the sample micelle; (d) PEG chains 
conjugated at P28 in the sample micelle. Green lines indicate the peptide distribution, black lines 
indicate the alkyl chain distribution, red lines indicate the PEG chain distribution and blue lines 
indicate the water distribution. The dash dot magenta lines indicate the estimated position of each 
conjugation site.   
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at P14 in Figure 5.4 (a), we see that all PEG distributions within formed micelles have distinct 

peaks, while the peak is not clear on isolated helix bundle. These are suggestive of possible 

enthalpic cohesion with other PEG chains, or alternatively, reduced entropic penalty. 

To further understand the factors governing the conformation of PEG chains near peptide 

surfaces, we analyze the probability distribution of the PEG atoms in a heat map. Here, we 

compare the PEG distribution on an isolated triple helix bundle on P14 Figure 5.5(a) and in a 

formed micelle (Figure 5.5 (b), (c), and (d), representing P7, P14 and P28 cases respectively. 

First, it is clear that the PEG chains adopt conformations where most atoms are close to the triple 

helix bundle, due largely to the fact that the surface of triple helix bundle and PEG polymer 

chains are both largely hydrophilic according to the DPD parameter assignments. However, the 

average PEG distribution in the radial direction of micelle grows from ~5 nm to ~8 nm in micelle 

formation, when we compared Figure 5.5 (a) and Figure 5.5 (c), marking a slightly more 

extended configuration. This suggests that there exists a cohesive interaction between PEG 

chains from neighboring triple helix bundles that leads to enthalpic interactions that promote this 

configuration. Considering the fact that P7, P14, P28 on isolated helix bundle has similar PEG 

distribution size in the radial direction of micelle, this reveals a possible mechanism for 

stabilization of the PEGylated 3-helix micelle, namely that the self-attracting PEG chains act as 

noncovalent linkers in the micelle shell that promote cohesion of the micelle.  
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Figure 5.5 PEG chain distribution plots for four different cases, including (a) PEG chains conjugated 
on the isolated triple helix bundle; (b) PEG chains conjugated at P7 in the sample micelle; (c) PEG 
chains conjugated at P14 in the sample micelle; (d) PEG chains conjugated at P28 in the sample 
micelle. The color bar shows the distribution probability decrease from red to blue, the white dashed 
line in each plot indicates the distribution area with a probability larger than 2×10�µ. 

 

 



88 

 

 

Next, we present results on PEG chain radius of gyration (Rg ) and end-to-end distance (Ree) to 

quantify their conformational behavior. We report values for a free PEG chain in solution, PEG 

on an isolated subunit, as well as PEG in the micelle form for all PEG conjugation positions and 

a molecular weight of 2000 Da. PEG chains conjugated on the isolated subunit occupy a smaller 

space than free PEG in solution according to experimental data [4] and Ree values. We note that 

the relationship between Rg and Ree changes after polymer conjugation, and also after the micelle 

formation. Specifically, 𝑅iiC ≈ 4.5𝑅gC for PEG conjugated on an isolated triple helix, while after 

micelle formation, 𝑅iiC ≈ 6.5𝑅gC. Theoretically, a polymer chain in a random coil conformation 

in theta solvent, has a relationship 𝑅iiC = 6𝑅gC  in the equilibrium state [137]. Thus, PEG 

conformational behavior changes both after conjugation and in the micelle formation process. Ree 

is the highest for PEG in the micelle, because either or both of the following reasons: 1) PEG 

chains are pushed away due to excluded volume effects, 2) they cohesively interact with other 

components in assembly. On the other hand, Ree is the lowest on isolated subunit because of 

cohesive interaction with peptides.  
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The conformation of the PEG chain can be further described by calculating the components of 

its Rg in the radial and tangential directions to the micelle. Specifically, here, radial direction 

denotes the vector vertical to the helix bundle direction, and tangential denotes the vector 

tangentially pointing along the helix bundle from one end to another. A previous study on 

polymer cross-linking in micelle revealed that with increased crosslinking, Rg decreases [124]. 

Because PEG chains conjugated on P28 have the lowest tangentially displayed Rg, (10.9±0.6Å 

for P28 compared to 9.6±0.8	Å for P7 and 9.3±0.5	Å for P14 as in Table 5.1), we may conclude 

that the PEG chains at P28 have fewer cohesive interactions, as they are able to expand away 

from the micelle given the larger free volume that is available in this position. For the PEG 

chains at P7, their conjugation position weakens the expected cohesion effect because in this case, 

the conjugation site close to the core and steric hindrance from neighboring chains leads to a 

Table 5.1 Average conformational size of PEG polymer chains, including radius of gyration Rg , Rg  
in the radial direction (along the helix bundle), Rg on the tangential direction (vertical to the helix 
bundle) and end-to-end distance Ree in DPD simulations. The results are given by the present 
simulations for all conjugation sites, on the isolated triple helix bundle and free polymer chains in 
water with the standard deviation included. All the data presented here studied the same PEG chain 
molecular weight 2000 Da. 
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competing entropic penalty effect that diminishes the benefits of cohesive interaction. This idea 

is illustrated schematically in Figure 5.6 (a). Additionally, the smaller average aggregation 

number and higher 𝑁se³  for case P7 suggests relative dominance of the entropic penalty 

compared to enthalpic cohesive interactions between PEG chains, which evidently leads to poor 

micelle stability. However, conjugation at the P14 site results in the highest tangential Rg, hinting 

at heightened attractive interactions with neighboring PEG chains. As an additional measure of 

cohesive interaction strength, we considered the “cohesive interaction density”, calculated as the 

average number of PEG beads from other triple helix bundle in in proximity to each PEG bead. 

For conjugation sites P7, P14 and P28, the cohesive interaction densities are 0.29, 0.35 and 0.28, 

respectively, agreeing well with directional Rg results. This fact, as well as P14 having a 

relatively low tangential Rg, indicates that PEG chains conjugated on P14 have the high cohesive 

interaction density. Additionally, as PEG chains at P14 have enough free space between 

themselves and the neighboring triple helix bundle, we determine that PEG chains conjugated at 

P14 have the best cohesive interaction density and thus stabilization effect. 
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Mixtures of conjugated triple helices with different conjugation sites, however, have less 

overlap in PEG chain distributions than systems of a single site. As a result, the mixture of the 

conjugation sites largely impairs the cohesive interaction and destabilizes the micelle structure. 

Besides, the entropic repulsion between PEG chains and peptides [3] will exert imbalanced 

torsion on micelle. In summary, the mixture cases have greater likelihood to form irregular 

shapes and unstable micelles, which may broaden the micelle size distribution. 

5.5 Micelle Shapes with PEG Conjugation Sites and Molecular Weight 

Finally, we also evaluate the micelle formation for different molecular weights, and provide a 

Figure 5.6 Three schematic figures in (a) on the left indicate different PEG conjugation sites with their 
possible distributions. Vector R here indicates the distance to the micelle center of mass, and a phase 
diagram (b) of the PEG conjugation sites and the PEG degree of polymerization, illustrating the predicted 
micelle shape, based on geometric parameters calculated from simulation. The color bar shows the packing 
parameter decrease from yellow to blue. Two contour lines distinguish three different micelle shapes 
according to theory. The points represent the visualized shape from simulations, with blue crosses indicating 
a bilayer shape, red squares indicating a cylinder shape and black circles indicating a spherical shape. The 
formed micelle shape changes from bilayer to cylinder to sphere with an increasing PEG molecular weight.  
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phase diagram based on micelle packing parameter considerations. The packing parameter is 

defined as 

                                      

to distinguish micelle geometric shape. 𝑃𝑃 < 1
3 corresponds to a spherical micelle,  1 3 <

𝑃𝑃 < 1
2 corresponds to a cylindrical micelle, and 1 2 < 𝑃𝑃 < 1 corresponds to a bilayer. Due to 

a negligible size of the headgroup, the traditional definition of 𝑉R is the alkyl core volume, 𝑎R 

is the interfacial surface area per alkyl chain, and 𝑙�  is the alkyl chain length. However, in our 

model, the hydrophilic head contains the peptide and its conjugated PEG chains. As the head 

group is fairly large and has a complex shape in our case, we use a modified definition of the 

geometric parameters. Specifically, 𝑉R is the occupied volume per subunit, 𝑎R is the outer 

surface area per subunit, and 𝑙�  is the subunit chain length. Each subunit in the micelle is a 

3-helix coiled coil conjugated with PEG chains on side, and alkyl chains to the N-terminus. We 

used the Volmap plugin tool in VMD [99] to quantify 𝑉R, as an estimate of the total volume of 

the sample micelle normalized by the micelle aggregation number. Here we assume that the helix 

with PEG and water are all part of the headgroup, and in order to regularize the micelle shape, 

we therefore estimate the alkyl core volume and then scale up to achieve the micelle volume. 

Area 𝑎R per group is estimated as the solvent accessible surface area (SASA) of the outer 

surface (water) of the sample micelle (PEG chains) normalized by the micelle aggregation 

number. Chain length 𝑙�  is estimated as the sum of the alkyl chain length and 3-helix bundle 

end-to-end length. As the collected data shows in Table 5.2, the volume 𝑉R does not vary a lot, 

𝑃𝑃 = 𝑉R
𝑎R ∙ 𝑙�¶  [1] 	 (5.1) 



93 

 

 

chain length 𝑙�  remains the same, and the area 𝑎R dominates the change in packing parameter. 

Given that the volume is an estimation based on alkyl chain volume, it makes sense the volume 

does not change with DP and conjugation site. The area changes due to the positioning of PEG 

and DP, which affect the subunit corona angle and thus cross-section area. Due to reduced 

degrees of freedom in CG DPD model, the micelles formed in this system exhibit a broad 

distribution of sizes and shapes. As a result, unphysically large and unstable micelles may also 

form in simulations. These outliers cannot easily be captured by a general theoretical framework. 

To ensure the universality of the proposed phase diagram, instead of using the largest micelle 

present, a sample micelle with median size in each system is used to quantify each packing 

parameter from the self-assembled micelle structure. Figure 5.6(b) compares these median 

micelle shapes, as observed visually, to those predicted by the packing parameter theory on a 

phase diagram that considers conjugation site and degree of polymerization (DP) as the design 

parameters. Overall, the predictions from theory agree remarkably well with the 

visualization-based shape assignments from simulations. A few discrepancies seem to arise, 

particularly at the boundaries between cylinder and the other two shapes, due to the difficulty of 

assigning a shape purely based on visual principles. We note that for low DP PEG chains 

conjugated to the site nearest the core, we observe a bilayer structure, most likely due to the fact 

that the strong entropic repulsion of PEG near the micelle core forces the micelle to adopt a more 

planar configuration that releases this penalty, decrease the area 𝑎R and increase PP [44, 138].  

As DP increases, larger area 𝑎R is achieved due to increasing entropic effect. Thus, subunits 

are more likely to assemble into a spherical micelle as DP increases. Additionally, for large DP 

PEG chain scenarios, our results indicate that micelles would eventually not form because of the 
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large entropic penalty at any conjugation site. Using this phase diagram based on the simple 

concept of geometric packing, we can easily reach conclusions about how conjugation DP and 

position may ultimately dictate the morphology of the micelles formed. We envision that these 

new insights obtained from simulation and simple theoretical considerations will be instrumental 

in synthesizing micelles with tunable size, shape and stability from a broader range of 

peptide-polymer conjugate building blocks in the near future. 
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Table 5.2 Geometric quantities that determine micelle packing 
parameter for different degrees of polymerization (DP) and PEG 
conjugation positions, including 𝑉R , the occupied volume per 
subunit and 𝑎R, the outer surface area per subunit. The packing 
parameters (PP) are given by the results of 𝑃𝑃 = ·̧

e¸∙h¹
, from which 

𝑙º = 6.00𝑛𝑚. 
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Chapter 6 Micelles based on a mixture of coiled-coils 

Micelle based on hybrid block copolymers has emerged as a new platform for nanocarriers that 

achieve tumor-selective macromolecular drug targeting via the enhanced permeation and 

retention (EPR) effect [38-42] . The major challenge for drug targeting is to acquire precise 

targeting and high delivery efficiency while avoiding non-specific binding and steric 

interferences from biological barriers. A tunable ligand density is necessary to strengthen the 

ligand-receptor binding while avoiding entropic repulsion.[139-142] Controlling the number of 

copies of ligands on the nanocarrier surface as well as their location is necessary to improve the 

targeting efficiency of nanocarriers through multivalent linkages that allow more targeted cell 

internalization. [143-146] Meanwhile, microphase segregation in micelles can be used to control 

not only the spatial distribution of ligands, but also the self-assembly characteristics of the bulk 

nanostructure. [147] However, in contrast to multicomponent lipid mixtures that have a well 

characterized phase separation behavior in membranes [148-153], there are limited reports on 

nanophase-separated micelles that employ hybrid polymer-peptide conjugates. In analogy with 

cell membranes, domain budding is shown to depend on the geometric features of the lipid units 

such as height, and it is expected that similar features with possibly greater diversity exist in 

hybrid biomaterials as well. [154, 155]  

A new design of 3-helix micelle (3HM) nanocarrier based on amphiphilic peptide-PEG-lipid 

conjugates [3, 27, 33, 43, 44, 46, 156, 157] is reported to have the potential to provide control 

over the local multivalency of presented ligand clusters. Polyethylene glycol (PEG), which has 

good hydrophilic properties and biocompatibility, has been shown to stabilize the secondary and 



97 

 

 

tertiary structure of peptides regardless of PEG conjugation site and density [3, 25, 101, 128]. 

Recent simulation studies discovered that the micelle size and stability were dictated by a 

combined effect of the confinement of PEG chains under micelle morphology and the 

intermolecular cohesive interaction among PEG chains [157]. While these micelles form 

well-defined shapes and their size can be controlled through tuning parameters such as PEG 

chain length, means to control the density, distribution and orientation of ligands on the particle 

surface remain limited with existing designs. To this end, amphiphilic peptide-PEG-alkyl 

conjugates based on different coiled-coil oligomeric states offer the possibility to create 

multicomponent micelles with control over the availability of ligand binding sites. In the work 

by Ang et al. [158], the formation of self-assembled patchy micelles from mixtures of trimeric 

and tetrameric coiled coils was observed through differential scanning calorimetry, fluorescence 

recovery spectroscopy, and coarse-grained molecular dynamics simulation. It was found that the 

mixed micelles had high stability in serum albumin with controlled cluster size and local 

multivalency. However, the driving force of the phase separation shown in mixed micelles was 

not characterized in detail. 

In this chapter, we sought to explain our previously reported self-organization of patchy phases 

in mixed coiled-coil micelles as a step towards prospecting them as nanocarriers. Herein, we 

used coarse-grained molecular dynamics (MD) simulations to investigate the self-assembly of 

amphiphilic coiled-coil peptide-PEG-lipid hybrid conjugates based on different coiled-coil 

oligomeric states. Specifically, we examined how micelles formed from 4-helix based conjugates 

compared to 3-helix based conjugates in terms of self-assembly kinetics as well as micelle size 

and shape. We revealed differences in the conformation of alkyl chains under varied coiled-coil 
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oligomeric states through a systematic characterization of the micelle structures. This analysis 

uncovered that alkyl chain geometry and packing govern phase separation, where steric 

restrictions were further quantified by measuring alkyl chain extension in each case.  We also 

demonstrated variations of micelle stability and self-assembly tendency by calculating the 

interaction energy between alkyl chains under different oligomeric states. Size and 

hydrophobicity of the formulated micelles were also quantified to see if micelles could be 

suitable for penetrating biological barriers. We anticipate that our findings can help understand 

the phase separation behavior in mixed micelles with different oligomeric states and provide 

guidance to develop biomaterials with controlled local multivalency for tunable stability, shape 

and drug loading potency as nanocarriers. 

6.1 Model Generation with Different Coiled-coils Oligomeric States 

The two kinds of amphiphilic conjugates in AA simulations are schematically shown in Figure 

(a) (c)(b) (d)

Figure 6.1 Schematic figures of MD models used in simulations: (a) 3-helix bundle (cyan) in CG DPD model 
with the PEG chain (pink) and the alkyl chain (purple and green) conjugated to each strand. (b) 3-helix bundle in 
AA model. For simplicity, only the PEG (CPK drawing method) and alkyl (Licorice drawing method) chains 
conjugated to the blue helix bundle are shown here. (c) 4-helix bundle (cyan) in the CG DPD model with the 
PEG chain (pink) and the alkyl chain (purple and green) conjugated to each strand. (d) 4-helix bundle in AA 
model. For simplicity, only the PEG (CPK drawing method) and alkyl (Licorice drawing method) chains 
conjugated to the blue helix bundle are shown here. 
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6.1 (b)(d). The headgroup of both amphiphiles is composed of a peptide-polyethylene glycol 

(PEG) conjugate, in which the peptides are coiled-coils consisting of three alpha helical strands 

in Figure 6.1 (b) or four alpha helical strands in Figure 6.1 (d). The atomistic structure of trimer 

or tetramer coiled-coil is available in the Protein Data Bank, referred as ‘1coi’ for the trimeric 

helix and ‘1m3w’ for tetrameric helix. To enable coupling of maleimide end-functionalized PEG, 

we performed S14C and K14C mutations on 3-helix strand and 4-helix strand respectively. PEG 

chain with constant degree of polymerization DP = 44 (molecular weight ~ 2000 Da) is 

conjugated on residue 14 of each helix. Two C16 alkyl chains are attached to the peptide 

N-terminus through Glutamic (GLU) residue as tail of the amphiphile, with a 6-aminohexanoic 

acid linker inserted between peptide and alkyl chains. 

All the AA simulations were performed using NAMD [159] under an NPT ensemble with a 

constant pressure of 1 atm and a constant temperature at 300 K. The amphiphiles were solvated 

in an explicit water solvent using the TIP3P water model [160], and periodic boundary 

conditions were applied in the three dimensions. The bonded interactions were modeled using 

the CHARMM force field [65], long-range nonbonded interactions were modeled using the 

standard Lennard-Jones potential, and the particle-mesh Ewald technique were used for 

electrostatics interactions. The minimization of the systems run for 50,000 steps and was 

followed by a 1 ns equilibrium simulation using a 1 fs timestep. The equilibrium of the 

simulation system was assured by checking the convergence of the radius of gyration and 

end-to-end distance of alkyl chains.  

Here we employed the same mapping method for CG simulations as in Chapter 5, which has 

improved its efficiency and accuracy in predicting peptide-PEG micellization behavior. [156, 157] 
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All CG simulations in this work were performed using a variation of the DPD approach, with the 

open source MD simulation package LAMMPS [161]. An NVT ensemble with a constant 

temperature 300 K was adopted for simulations, and periodic boundary conditions were applied 

in the three dimensions. Here the time scale is 𝜏 = 24.32	𝑝𝑠, length scale is 𝑅� = 0.8	𝑛𝑚. [133, 

162] We investigated systems with 3-helix amphiphiles, 4-helix amphiphiles and a mixture of the 

amphiphiles. To reduce sampling errors, we carried out 3 duplicate simulations with different 

random seeds for each case. Each simulated system consists of 100 randomly distributed 

amphiphilic molecules (the mixture system had 50 amphiphilic molecules for each type), and 

then solvated in explicit DPD water beads. All CG simulations were carried out for 

approximately 2.0	𝜇𝑠~2.8	𝜇𝑠, and tended to reach equilibrium before 800 ns. The equilibration 

of the simulations was assured by checking that the average micelle aggregation number was a 

stable value that does not decrease or increase by more than 3 in 200 ns. The last 150 ns of the 

whole simulations were chosen for data analyses. 

6.1 Micelle Self-assembly Process  

First, we present DPD CG simulations that investigate micelle formation behaviors for 3HM, 

4HM and 3&4 mixture micelles, given the same initial subunit concentration in each system. The 

driving force of all three kinds of micelle formation processes is the hydrophobic effect induced 

by the explicit water solvent molecules, which interact unfavorably with the alkyl chains. This 

effect causes the subunits to aggregate into larger clusters with the hydrophobic alkyl chains 

forming the micelle core and hydrophilic PEGylated peptides forming the shell. The most 

common simulation outcome for all three different cases is the formation of spherical micelles. 
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To quantify micelle size and formation kinetics, we look at two metrics, the average micelle 

size and the largest micelle size. Here the micelle size refers to aggregation number, i.e. the 

number of helices in each micelle. We observe similar micelle sizes for the three different kinds 

of micelles as shown in Figure 6.2. However, the simulation time that each system takes to form 

the largest micelle varies, suggesting that the subunits exhibit different kinetics of self-assembly. 

More specifically, 3HM takes the longest time to form its largest micelle (approximately 1000 ns 

on average), while 4HM takes the shortest time (approximately 130 ns on average), and 3&4 

mixture micelle lies in between (approximately 250 ns on average), as shown in Figure 6.3. 

Under the hydrophobic driving force, an individual micelle can increase its size by either 

combining with free subunits nearby or by fusing with other neighboring micelles. To explain the 

differences witnessed in the largest micelle formation time, we investigate the micelle growth 

behavior under these two conditions respectively. As shown in Figure 6.2(a), the largest micelle 

size in 3HM increases twice sharply (highlighted in blue oval), indicating that micelle fusion 

happens at around 800 ns and 1000 ns respectively. Regarding 3&4 mixtures and 4HM cases, we 

Figure 6.2 The number of free subunits in system and the largest, average aggregation number defined as the 
number of helices in the (a) 3HM, (b) 3&4 mixture micelle, and (c) 4HM as a function of time. The sharp 
increases indicating micelle fusion process are highlighted in dashed blue ovals. The results are obtained from 
DPD CG simulations with 100 subunits for each case.  
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observe similar micelle fusion processes, but they occur much earlier in the simulation, at around 

300 ns for 3&4 mixture micelle and at around 100 ns for 4HM respectively as shown in Figure 

6.2 (b) and (c). A possible explanation to this phenomenon is the fact that 4HM has a stronger 

hydrophobic driving force due to higher alkyl monomer density and tighter packing. On the other 

hand, we also observe that the number of free subunits in system decrease to 0 before 200 ns for 

all the three cases as shown in Figure 6.2, which indicates that no more free subunits are 

available to join formed micelles. Beyond this early aggregation phase, the dominant mechanism 

of micelle size increase are the fusion events. In summary, the 4HM has the fastest micelle 

formation process resulting in the largest micelles, due to a combined effect of a stronger 

hydrophobic driving force and better packing efficiency at its core to form a spherical micelle. 

These effects are also present in 3&4 mixture micelles, and thus influence the shape of the mixed 

micelles and accelerate their formation process.  

6.2 Alkyl Chain Conformations Studies 

As discussed above, one of the major differences in the micelle formation processes between 

Figure 6.3 The largest aggregation number defined as the number of helices in the largest micelle in systems 
(a) 3HM, (b) 3&4 mixture micelle, and (c) 4HM as a function of time. The results are obtained from DPD 
CG simulations, including 3 different trials for each case and with 100 subunits for each system. 
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3HM and 4HM is that, the 4HM appears to have a stronger hydrophobic driving force. In order 

to study the alkyl chain density and provide an explanation for the difference in hydrophobic 

interactions, we study the conformational behavior of alkyl chains on isolated subunits and in 

micelles using CG DPD simulations. We also corroborate these results with AA simulations that 

examine the conformational behavior of alkyl chains on an isolated subunit in solution. As 

shown in Table 6.1 below, both simulation methods reach the same conclusion that the alkyl 

chains on isolated 3-helix subunit bundle or in 3HM have less extended conformations than those 

on isolated 4-helix or in 4HM. The alkyl chains in CG DPD simulations are shorter than those in 

AA simulations because they have fewer degrees of freedom in CG DPD simulations than in AA 

simulations, and thus exhibit less steric hindrance. For star shaped polymers, M. Daoud et al. 

reported that if the number of polymers is sufficiently high, the structure of each polymer is 

stretched due to confinement effects [163]. This theory can be used to explain our observations 

Table 6.1 Average conformational size of alkyl chains, including radius of gyration Rg and 
end-to-end distance Ree in DPD simulations. The results in the table are given by the present DPD 
CG simulations for alkyl chains in 3HM, 4HM and 3&4 mixture micelles, alkyl chains on the 
isolated 3-helix or 4-helix micelles, and compares the CG DPD and AA simulation results for alkyl 
chains on isolated 3-helix and 4-helix micelles. 
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on micelle core size: the alkyl chains in 4HM are slightly extended due to higher packing density 

than in 3HM.  

To study the packing density of alkyl chains, we plot the conformational distribution of alkyl 

chains on the cross-sectional plane as shown in Figure 6.4. Note that alkyl chains in both cases 

have the highest probabilities within the boundary marked by the conjugation points and at the 

center of the helix bundle, indicating the fact that alkyl chains have relatively high attraction 

between each other. Comparing a 3-helix vs. 4-helix sample micelle with the same number of 

subunits, 4HM has much higher values of the probability distribution in its center than 3HM due 

to the larger number of beads in the sample micelle with the same number of subunits. 

Comparing Figure 6.4 (b) for the distribution area of alkyl chains in 3HM and Figure 6.4 (c) for 

Figure 6.4 Distribution behavior of alkyl chains on the helix bundle cross sectional plane in 
micelles, including alkyl chains conjugated on (b) a 3-helix peptide and (c) a 4-helix peptide. A 
schematic figure (a) on the left shows the axis setting method in both figures: with the alkyl bead 
distribution projected onto the xy plane that is orthogonal to the helix bundle (radial) direction. 
In the figure (b)(c), the color bars in show the probability distribution decrease from red to blue, 
the black dashed line indicates the estimated conjugation location on the helix terminus, and the 
orange point dash lines indicate the alkyl chain distribution area that has a probability density 
value larger than 1×10�U. The results are given by the present DPD CG simulations for 3HM 
and 4HM sample micelles with the same number of subunits over the last 150 ns after 
convergence.  
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4HM, we can conclude that the alkyl chains have very similar area distribution sizes for each 

subunit. Considering a distribution probability larger than 1×10�U to define the area, 3HM 

displays a distribution area size of 1.58	𝑛𝑚C on xy plane, while 4HM displays a slightly larger 

area size of 1.80	𝑛𝑚C . Since 6 alkyl chains are conjugated on a 3-helix while 8 alkyl chains are 

conjugated on a 4-helix, we saw a higher alkyl chains concentration for 4HM (4.46 chains/nm2) 

than for 3HM (3.80 chains/nm2). This explains the fact that 4HM has larger aggregation number 

and better stability. With increase in alkyl chain length, there is a corresponding higher 

hydrophobic interaction between alkyl chains in the micelle formation process. 

6.3 Phase Separation in Mixed Micelles 

Next, we present an analysis of the packing behavior of the 3-helix and 4-helix components in 

3&4 mixture micelles. Combined with experimental observations [158] and phase separation 

analysis presented in Figure 6.5, we can conclude that the 3-helix and 4-helix components have a 

phase separation behavior in their mixture. Typically, experimental techniques such as MALDI 

Figure 6.5 Phase separation and fragmentation measurements (red) compared to well mixed 
theoretical micelles (black) for three sample micelles (a-c). Panels (a-c) show θ, the number 
fraction of 8-bead fragmentation as a function of the number of 3-helix component in the 8 beads. 
The aggregation number of the sample micelles are 50, 56 and 57, with 3helix:4helix ratio 6:8, 8:8 
and 7:8 respectively. The calculated sum of squared error (SSR) are high as 0.504, 0.438 and 0.492, 
which are anticipated for phase separated mixed micelles.    
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are used to quantify micro-phase separation, where comparison with a binomial (random) model 

and subsequent calculation of the sum-of-squares error provides a metric for phase separation. 

The same analysis can be done on the simulated systems to quantify microphase separation.  

From the analysis of the trajectories, we find that the 3-helix subunits tend to assemble into a 

hemisphere of the mixture micelle, while 4-helix subunits assemble into the other hemisphere of 

the mixture micelle. The phase separation behavior shown here is more clear than what were 

reported in the previous copolymer self-assembly phase separation behaviors [164, 165], because 

the assembled subunits in our system have relatively large subunit volume. To differentiate the 

effects of core and shell, we first calculate the radius of gyration and end to end length of PEG in 

free solution, on isolated 3-helix bundle, in 3HM and in 4HM as in Table 6.2. The PEG chains 

have very similar behavior in 3HM and 4HM, which excludes the possibility that PEG can be the 

driving force of phase separation. Combined with the aforementioned analysis on conformational 

behaviors of alkyl chains, we can conclude that the alkyl chains from different components phase 

Table 6.2 Average conformational size of PEG polymer chains, including radius of gyration Rg , Rg  
in the radial direction (along the helix bundle), Rg in the tangential direction (vertical to the helix 
bundle), Rg  in total and end-to-end distance Ree in CG DPD simulations. The results are given by 
the present DPD CG simulations for PEG in 3HM, 4HM and 3&4 mixture micelles, and PEG on 
the isolated triple helix bundle and free polymer chains in water with standard deviations included. 
All the data presented here studied the same PEG chains with molecular weight 2000 Da in DPD 
simulations. 
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separate in the cores during micelle formation process and thus lead to the phase separation in 

the whole micelle. More specifically, due to the favorable interaction between alkyl beads, the 

alkyl chains prefer to assemble with other alkyl chains which have similar conformational 

distribution and length. As such, subunits from the same components assemble quickly into 

clusters. It should be noted that in Figure 6.5 (a)(b)(c), the fractions of all 4-helix component 

fragmentations are dominant, which indicates that the rapid self-assembly process of 4-helix 

components leads to the phase separation in mixed micelles, while the 3-helix components fill up 

the rest of the space. In the micelle fusion process, small micelles with phase separation behavior 

merge into a larger cluster with the phase separation behavior preserved, as shown in Figure 6.6. 

We can also conclude from the visualization of the simulation trajectories that fusing with other 

neighboring micelles is the dominant route to increase the size of individual micelles. Subunit 

migration is observed during the micelle fusing process as shown in Figure 6.6. Since some 

860 ns 3000 ns 3700 ns

Figure 6.6 Schematic figure of the micelle fusion process, with the initial configuration of the small 
micelles at 860 ns, and the merged micelle at 3000 ns and 3700 ns. This figure shows the migration of 
coiled-coils into nanodomains within the mixed micelle. Only alkyl chains are shown in this figure 
for simplicity, with 4-helix components in red and 3-helix components in blue. 	
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subunits may not find other subunits with the same oligomeric state nearby due to steric 

hindrance, some flaws and imperfect phase separation in large micelles can be seen.  

6.4 Micelle Shape and Stability Investigations 

Next, we present more details about the geometric characteristics of sample micelles from the 

DPD CG simulations as shown in Table 6.3 below to further investigate micelle size and 

hydration rate, as a step towards prospecting these nanocarriers for drug delivery applications. 

We can conclude from this table that, under the circumstances that each micelle has the similar 

number of subunits, 3HM, 4HM and 3&4 mixture micelles have comparable micelle sizes and 

core sizes. The 4HM has the greatest vacancy in the core and largest water content in the micelle, 

due to stretched alkyl structure, suggesting some packing frustration that may arise due to 

stronger driving forces and faster kinetics. Meanwhile, 3&4 mixture micelles have a larger 

Table 6.3 Aggregation number, alkyl core radius, vacant volume in 
micelle core, water beads permeability and micelle SASA in comparison 
of 3HM, 4HM and 3&4 mixture micelles. The results are given by sample 
micelles in the present DPD CG simulations including all the three helix 
components. The water content in micelle is defined as the number of 
water beads inside the sample micelle (the micelle boundary here is 
defined as a PEG weight fraction at 10%). 
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vacant volume in the core than 3HM with the same alkyl core size, which may offer advantages 

for serving as a drug carrier. A possible explanation to this phenomenon can be that the phase 

separation in 3&4 mixture micelles leads to a more compact geometry with better packing. More 

specifically, subunits from different components separate and have different conformation 

distributions. This difference in distribution enlarges the vacant volume in core. As for the degree 

of hydration, both SASA and number of water beads permeating the micelle indicate that the 

3&4 mixture micelle has a median degree of hydration in all the three cases, while 4HM has the 

highest.  

The orientation of the helix bundle controls the orientation of ligands conjugated to the helix 

end, which determines the nanoparticle surface chemistry and the availability of ligand binding 

sites. Characterization of the ligand availability on the surface gain additional insights into the 

micelle shape, which we obtain by studying the helix orientation in micelles and the principal 

moments of inertia [166] [167]. The average ratios of the largest to smallest principal moments 

of inertia (𝐼se³/𝐼s8f) over the last 150 ns of simulations for 3HM, 4HM and 3&4 mixture 

micelle are 1.31±0.07, 1.47±0.07 and 1.16±0.05 respectively, with eccentricity (𝜂 = 1 − ¾¿�À
¾ÁÂÃ

) 

0.13±0.03, 0.21±0.03, 0.08±0.03 respectively. We also analyze the micelles, we find the 

orientation for helix bundle in 3HM to be 𝜑µÅÆ�tÇJi = 19.4°; while in 4HM, 𝜑UÅÆ�tÇJi =

25.5°.  As for 3&4 mixtures, we calculate helix bundle orientation with regards to micelle 

radial direction to gain further insights into the micelle sphericity. From the sample mixture 

micelle 𝜑µÅÆ�s8³ = 16.3° , 𝜑UÅÆ�s8³ = 18.8° , 𝜑e²g�s8³ = 17.4° . The higher helix 

disorientation seen in 4HM is caused by a minor angle deviation in the 4-helix bundle structure. 
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A better helix bundle orientation indicates a more spherical micelle shape, corresponding well 

with the aforementioned orientation analyses. An explanation for this phenomenon may be the 

more efficient packing of the micelle core due to the mixing of alkyl chains from different 

components, which resolves packing frustration by allowing irregular subunit shapes to fill up 

the free volume more effectively. In a recent study on the shape effect of PEGylated 

nanoparticles on cellular uptake, Ying Li et al. reported that spherical nanoparticles encounter 

minimal internalization energy changes and thus should be most efficient as drug carriers. [133] 

Based on this observation, we suggest that the higher sphericity of the 3&4 mixture micelle may 

make it a better nanocarrier for drug delivery applications.  

In order to quantify the interaction energy for alkyl chains beads in different components, we 

take the soft repulsive potential between two particles as 𝑈Jit 𝑟fs =

F
C
𝑎8=(1 − 𝑟fs)C		𝑓𝑜𝑟	0 ≤ 𝑟fs < 𝑟�
0																				𝑓𝑜𝑟	𝑟fs ≥ 	 𝑟�

, where 𝑟fs is the distance between bead n and m, and 𝑎8= 

is the repulsive parameter between bead type i and j. [168]  First, the pair correlation functions 

Figure 6.7 Average interaction energy between alkyl beads and (a) alkyl beads, (b) other beads, 
including the peptide, PEG and water, (c) all beads as a function of simulation time. This energy 
function compares pure 3-helix micelle (black), pure 4-helix micelle (red) and 3&4 mixture 
micelles (blue). The blue triangles indicate the convergence time for the two systems, at 300 ns 
for 3HM, 1000 ns for 4HM, and 330 ns for 3&4 mixture micelles. The results are given by DPD 
CG simulations including 3HM, 4HM and mixture micelles.  
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between alkyl beads and all types of beads are calculated, and when implemented into the 

repulsive potential above, we can come up with the interaction energy for alkyl beads. Given the 

repulsive nature of the potential, lower numerical values of the interaction energy indicate more 

favorable interactions. To compare different systems, we plot the alkyl interaction with alkyl, 

alkyl interaction with all other types of beads (including peptide, PEG and water), and finally 

alkyl interaction with all the beads as a function of time in Figure 6.7 Comparing alkyl to alkyl 

interactions in 3HM and 4HM in Figure 6.7 (a), we see that alkyl beads have more favorable 

interactions in 4HM. This confirms our previous conclusion that alkyl beads in 4HM have a 

larger driving force in micelle formation. In Figure 6.7 (b), we see the same trend for alkyl beads 

and peptide, PEG and water interaction, that alkyl beads have less interaction energy to other 

repulsive beads. This again supports our previous conclusion on micelle driving forces and 

	 	

Table 6.4 Average interaction energy of alkyl beads to alkyl beads, between other repulsive 
beads, and among all beads. These average interaction energies are computed for sample 3HM, 
4HM and mixture micelles; and for alkyl bead interaction energy in 3-helix and 4-helix conjugates 
isolated in water solution. The free energy of 3HM, 4HM, and mixture micelle formation is also 
calculated as the energy in the micelle minus the energy in an isolated single helix bundle. The 
3HM and 4HM results are given by the average and standard deviation values of 3 micelle 
samples with different sizes, and mixture micelles results include 3 different sample micelles with 
an increasing 3-helix component:4-helix component ratio. Given that DPD naturally has a 
repulsive interaction potential, larger interaction energy values here indicate less favorable 
interaction. 
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indicates that alkyl chains have a more extended conformation in 4HM relative to 3HM. 

Furthermore, we see that the alkyl energy declines continuously until convergence in Figure 6.7 

(b)(c), which indicates that the energy decreases with self-assembly events that lead to micelle 

formation. In order to quantify and compare the free energy for micelle formation in 3HM, 4HM 

and mixture micelles, we tabulate the energy terms of sample micelles in Table 6.4. All the three 

energy terms for alkyl beads interaction energy in sample micelles agree well with the results in 

Figure 6.7. Moreover, we see that the free energy of 4HM formation is the largest in the three 

cases, while the 3HM has the least favorable free energy and mixture micelles have free energy 

in between. Meanwhile, increasing the ratio of 3-helix component in mixture micelles lowers the 

free energy value. These indicate that 4-helix conjugates have a large free energy in micelle 

formation, and thus lead to a faster micelle formation process, and a more stable micelle. 

Additionally, this energy difference also enables the phase separation behavior seen in 

simulations and experiments [158]. 
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Chapter 7 Conclusions 

Coiled coils are among the most extensively studied protein motif because of their structural 

simplicity and regularity. Recently, many studies have found improvement in helix stability by 

covalently cross-linking side-chain residues with polymer chains. Meanwhile, molecular 

dynamics is a computational tool that allows us to build and simulate systems with high levels of 

structural and chemical complexity, allowing us to explore the physical and thermomechanical 

behavior at small time and length scales, which makes it suitable for our study. 

First, we presented coarse-grained simulations of a trimeric coiled coil conjugated with 

polymer chains at either its side or its end to provide insights into the effect of conjugation site 

on the stability and assembly mechanisms of peptide-polymer conjugates. Our annealing 

simulation studies on the thermal stability of coiled coils indicate insignificant difference 

between the melting temperature of pure coiled coils and that of coiled coils conjugated with 

polymer. Additionally, the alpha-helical secondary structure of helical units is completely 

preserved upon polymer conjugation, even indicating an increase in helicity. The tertiary 

structure of the trimers is also more or less retained in our simulations. These observations imply 

that the structural and thermal stability of alpha-helices are not perturbed by means of side 

polymer conjugation. As for self-assembly mechanisms, the steric occlusion of side-conjugated 

chains around the protein hinders the coiled coil units from getting too close to each other, 

leading to formation of clusters with small aggregation numbers (close to three). On the other 

hand, in the absence of polymer chains attached, clusters with large aggregation numbers are 

observed for pure coiled coils, which occur due to the absence of specific sequence-based 
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interactions in the CG model of peptide. The average cluster aggregation number for the 

end-conjugated coiled coils lies in-between the two aforementioned cases. Additionally, our 

MetaD simulations on disassembly of a single helical unit from the three-helix bundle show that 

the unzipping energy is the highest for coiled coils without polymer and the lowest for coiled 

coils with side-conjugated polymer, supporting the results of self-assembly simulations where 

pure coiled coils show the highest tendency to aggregate. These results indicate that polymer 

conjugation slows the rate of aggregation and thus it can be utilized as an efficient design 

technique to control protein self-assembly in different environments.  

Next, we presented both all-atomistic and coarse-grained simulations of a three-helix coiled 

coil conjugated with three PEG chains of various lengths per helical strand to provide insights 

into the effect of conjugation density on the stability of coiled coil and conformations of PEG 

chains. For the PEG densities studied, the secondary structure of the helices and the tertiary 

structure of the coiled coil are retained. The PEG radius of gyration for three grafting sites per 

helix are similar to those of a single side-conjugated chain, implying that the excluded volume 

repulsion of the chains is not strong and thus the three chains do not feel the presence of each 

other. This is in agreement with the density profile of PEG chains with a parabolic curvature, 

showing that the chains form a mushroom-like shell around the coiled coil, whose size increases 

with an increase in PEG molecular weight. Then we analyze the values of PEG radius of gyration 

for longer chain lengths in the coarse-grained model together with scaling theory, and come to 

the conclusion that for surfaces with high curvature like coiled coils, we need much larger 

molecular weights to reach the brush regime.  
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PEG conjugations can be utilized as an efficient methodology for nanocarriers. Motivated by 

the desire to design polymer-peptide conjugate micelles with tunable size and shape for drug 

delivery, we first presented analyses based on a DPD CGMD simulation methodology and 

revealed important insights into the conformation and interfacial interactions of PEG chains in 

these systems. The main conclusions of this work can be summarized as follows. First, we find 

that the competition among the entropic penalty of PEG chain confinement and the cohesive 

interactions between adjacent chains dictates the kinetic stability of amphiphilic molecules. More 

specifically, polymer conjugation site and molecular weight influence both the entropic penalty 

and enthalpic cohesion, and thus lead to micelles with tunable sizes and stabilities. Among all the 

conjugation sites, P14 (middle) has the highest cohesive interaction due to favorable cohesion 

among PEG chains. Micelles with the P28 conjugation site show PEG far from the core, which 

decreases their enthalpic interaction density. P7 (closest to the core) is characterized by an 

entropic penalty effect that diminishes the advantage of PEG cohesive interaction, causing the 

formation of smaller micelles. Further, we predict possible micelle shapes for varied PEG 

molecular weights and conjugation sites, and also verified the entropic and enthalpic 

mechanisms. The recommendations of this project should prove useful for the design of 

functional micelles, using PEG conjugation site and molecular weight as potential design 

parameters. The current toolset of DPD simulations, as well as micelle models with tunable 

shapes, can also be extended to study transport through biological barriers.  

The individual alkyl, peptide and PEG components allow for tunable micelle kinetic stability, 

since we have studied micelle sizes and shapes in different PEG conjugation sites and molecular 

weights, our next research focused on peptides. In order to further design mixed micelles with 
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multivalent ligand cluster sizes, we show how coiled coil-alkyl amphiphiles side-conjugated with 

a PEG chain exhibit variation in micelle formation kinetics and morphology due to the 

differences in their coiled-coil oligomeric states. We demonstrated that the alkyl chains in 

different confinement states lead to different micelle stability properties. In mixed micelles, 

3-helix and 4-helix components self-associate into nanodomains to improve alkyl chain packing. 

Characterization of the ligand orientation, micelle hydrophobicity and drug carrier capacity in 

different micelle cases revealed advantages of using mixture micelles. Additionally, the 4HM 

displays stronger interaction energy and higher stability than 3HM, further confirmed by the 

enthalpy of alkyl chains, which appears to be the driving force for phase separation in mixed 

micelles. These analyses should provide useful guidance for the design of nanophase-separated 

micelles for multivalent ligand conjugation.  

Based on these PEG conjugation results, simulation-based investigation of coiled coil 

stability under higher conjugation densities is an interesting research outlook, and our next step 

is to expand upon the current model to build much longer chains with high molecular weights. In 

this way, we can investigate if polymers can approach the brush regime and have a different 

effect on the protein’s helical and coiled-coil structure. Considering the limitations of the 

GO-like model and the MARTINI model, a new coarse-grained model with both secondary and 

tertiary structure captured should be a practical tool.  

These simulation results on micelles contribute to the design of PEG-peptide-alkyl 

conjugates forming micelles with tunable sizes, shapes, and multivalent ligand conjugations. As 

our next step in studying micelles as nanocarriers, we simulated 3HM in shear flow to investigate 

micelle stability in circulation; we also conducted simulations on single 3HM and its interactions 



117 

 

 

with lipid membrane to investigate the micelles endocytosis process using the same CG DPD 

tools. The micelles are stable in shear flow while we observe PEG chains tangentially confined 

to helix bundle radial direction. However, the coarse-grained peptide model is rigid rod, which 

cannot present peptides helicity changes in shear flow. Meanwhile, the CG nature of water 

molecules sacrifice degree of freedom and hydrogen bond integrations between water and 

micelles. Improving the accuracy of these models would be an area that may be worthy of further 

study. As for the micelle endocytosis studies, building DPD models on lipid bilayer as simplified 

cell membranes and examining interactions with different size micelles could be an area worthy 

of investigation. Our preliminary results indicate that it may be challenging to accurately capture 

endocytosis process with these simplified models. Considering the limitations of the DPD model, 

a new model with peptides secondary, tertiary structures and water hydrogen bonding captured 

should be a practical tool for micelle in shear flow studies. As for the micelle endocytosis study, 

DPD models would need to be tuned based on more experimental data to better present the 

micelle and lipid bilayer interactions. The scope of this thesis was limited to examining the basic 

aspects of the self-assembly mechanisms of helix-PEG-alkyl conjugate systems. The methods 

presented should help carry out more sophisticated calculations that may examine the 

interactions of these micellar systems with physiologically relevant environments. 
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