
 

 

  

COMPARISON OF INTERACTION OF POLY 

(ETHYLENE GLYCOL) AND POLY (OLIGO 

(ETHYLENE GLYCOL) METHYL ETHER 

METHACRYLATE) WITH WATER USING 

MOLECULAR DYNAMICS SIMULATION 

 

A Thesis Submitted to 

The Graduate School of Engineering and Sciences of 

Izmir Institute of Technology 

in Partial Fulfilment of the Requirements for the Degree of 

MASTER OF SCIENCE 

in Polymer Science and Engineering 

 

by 

Yawer ABBAS 

 

March 2025 

IZMIR 

   

  



 

 

We approve the thesis of Yawer ABBAS. 

Examining Committee Members: 

 

_____________________________________ 

Prof. Dr. Volga BULMUŞ 

Department of Bioengineering, Izmir Institute of Technology 

 

_____________________________________ 

Assoc. Professor Dr. Beste BAYRAMOĞLU  

Department of Food Engineering, Izmir Institute of Technology  

 

_____________________________________ 

Assoc. Professor Dr. Ahmet AYKAÇ  

Department of Engineering Sciences, Katip Çelebi University 

                                                                                13 March 2025 

 

 

____________________________                             __________________________ 

 

 

 

 

__________________________                                   ________________________ 

 

Assistant Prof. Dr. Arzu UYAR 

Co-Supervisor, Department of 

Bioengineering, Izmir Institute of 

Technology 

 

Prof. Dr. Volga BULMUŞ 

Supervisor, Department of Bioengineering, 

Izmir Institute of Technology 

 Prof. Dr. Ekrem ÖZDEMIR 

Head of the Polymer Science and 

Engineering Department 

Prof. Dr. Mehtap EANES 

Dean of the Graduate School 



 

 

ACKNOWLEDGEMENT 

First and foremost, I express my deepest gratitude to Almighty Allah, whose grace 

and guidance have been my constant source of strength and perseverance throughout my 

academic journey abroad. 

I am profoundly grateful to Professor Dr. Volga Bulmuş for her invaluable 

guidance, insightful suggestions, and steadfast support, which have greatly influenced the 

direction and success of this research. My heartfelt thanks also extend to my co-

supervisor, Assistant Professor Dr. Arzu Uyar, for her constructive feedback, 

encouragement, and continuous support at every stage of this work. Their mentorship has 

been a cornerstone of my academic growth. 

I wish to acknowledge the thoughtful contributions of my thesis committee 

members, Assoc. Professor Dr. Beste Bayramoğlu and Assoc. Professor Dr. Ahmet 

Ahmet Aykaç. Their insightful comments and expert advice have enriched this research 

and expanded my perspective for future academic pursuits. 

A special thanks go to the Izmir Institute of Technology for fostering an 

exceptional academic and research environment. The institution’s commitment to 

excellence and its supportive atmosphere for international students have provided me 

with invaluable learning opportunities and a strong sense of belonging. 

I am eternally grateful to my family for their unwavering support, encouragement, 

and prayers throughout this challenging yet rewarding journey. Their steadfast belief in 

me has been a source of strength and inspiration. 

Lastly, I would like to extend my sincere appreciation to my friends, both in 

Turkey and back home. Their unwavering encouragement, camaraderie, and kindness 

have been a constant source of motivation, making this experience all the more fulfilling. 

I am profoundly thankful to everyone who has been a part of this journey.



iv 

 

ABSTRACT 

COMPARISON OF INTERACTION OF POLY(ETHYLENE GLYCOL) 

AND POLY(OLIGO (ETHYLENE GLYCOL) METHYL ETHER 

METHACRYLATE) WITH WATER USING MOLECULAR 

DYNAMICS SIMULATION 

 

This thesis compares the interaction of polyethylene glycol (PEG) and 

poly(oligo(ethylene glycol) methacrylate) (POEGMA) with water, by studying the 

conformational, hydration and H-bonding properties using MD simulations. Molecular 

models of POEGMA with 4-, 8-, 12-, 16- and 20 and PEG with 20- and 40 repeating units 

were prepared using Avogadro and CHARMM GUI software. All polymers were solvated 

in TIP3 water boxes. Charmmff parameters were used for the bonded and non-bonded 

interactions. The MD simulations were performed on TRUBA high-performance 

computing platform using LAMMPS software. After short minimization and 1 ns 

equilibration runs, 15 s of production run was carried out. The resulting trajectories were 

organized and analyzed using VMD software and MD analysis, and key properties like 

radius of gyration(Rg), watershell and hydrogen-bonding were investigated to compare 

the behaviour of two polymers in aqueous environment.  

The results revealed distinct differences in both polymers. PEG exhibited Rg 

values which were slightly lower and less stable (9.73 and 13.41 Å of mean values for 

each PEG chains) conformations forming compact random helical structure, when 

compared with POEGMA having the same number of repeating ethylene glycol units. 

The watershell analysis showed that the number of water molecules (N(H2O)) in the 

watershell around PEG (mean N(H2O) of 244.9 and 418.6 for PEG20 and 40, 

respectively) is not stable mainly due to the unstable structure. Lastly, a higher average 

H-bond count is observed with PEG, when compared with POEGMA. On the other hand, 

POEGMA showed slightly higher Rg values but stable structure for shorter chains (13.46 

and 15.78 Å for 4- and 8-mers POEGMA, respectively). The increase in Rg values with 

chain size was small compared to PEG. POEGMA chains also showed much more stable 

and more N(H2O). However, the H-bond counts for equivalent POEGMA were lower. 

The H-bond distribution along chain was also distinct for PEG and POEGMA chains. 
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ÖZET 

POLİ(ETİLEN GLİKOL) VE POLİ(OLİGO(ETİLEN GLİKOL) 

METİLETER METAKRİLAT) POLİMERLERİNİN SU İLE 

ETKİLEŞİMİNİN MOLEKÜLER DİNAMİK SİMÜLASYONU İLE 

KARŞILAŞTIRILMASI 

 

Bu tez, MD simülasyonları kullanarak konformasyonel, hidrasyon ve H-bağlanma 

özelliklerini inceleyerek polietilen glikol (PEG) ve poli(oligo(etilen glikol) metakrilat) 

(POEGMA)'ın su ile etkileşimini karşılaştırmaktadır. 4, 8, 12, 16 ve 20 tekrarlayan birim 

içeren POEGMA ile 20 ve 40 birim içeren PEG'in moleküler modelleri Avogadro ve 

CHARMM GUI yazılımları kullanılarak hazırlanmıştır. Tüm polimerler TIP3 su 

kutularında çözündürülmüştür. Bağlanmış ve bağlanmamış etkileşimler için Charmmff 

parametreleri kullanıldı. MD simülasyonları TRUBA yüksek performanslı hesaplama 

platformunda LAMMPS yazılımı kullanılarak gerçekleştirilmiştir. Kısa minimizasyon ve 

1 ns'lik dengeleme çalışmalarının ardından 15 s'lik üretim çalışması gerçekleştirilmiştir. 

Elde edilen yörüngeler VMD yazılımı ve MD analizi kullanılarak düzenlenmiş ve analiz 

edilmiştir. İki polimerin sulu ortamdaki davranışlarını karşılaştırmak için dönme yarıçapı 

(Rg), su kabuğu ve hidrojen bağı gibi temel özellikler araştırılmıştır.  

Sonuçlar her iki polimerde de belirgin farklılıklar ortaya koymuştur. PEG, aynı 

sayıda tekrar eden etilen glikol birimine sahip POEGMA ile karşılaştırıldığında, kompakt 

rastgele sarmal yapı oluşturan biraz daha düşük ve daha az kararlı (her bir PEG zinciri 

için ortalama 9,73 ve 13,41 Å) Rg değerleri sergilemiştir. Su kabuğu analizi, PEG 

etrafındaki su kabuğundaki su molekülü sayısının (N(H2O)) (PEG20 ve 40 için sırasıyla 

ortalama N(H2O) 244.9 ve 418.6) esas olarak kararlı olmadığını göstermiştir. Su 

molekülü sayısındaki kararsızlık, konformasyonun kararsız olmasına atfedilmiştir. Son 

olarak, POEGMA ile karşılaştırıldığında, PEG ile daha yüksek bir ortalama H-bağı sayısı 

gözlemlenmiştir. Öte yandan, POEGMA biraz daha yüksek Rg değerleri ve kısa zincirler 

için kararlı bir yapı sergilemiştir (4 ve 8-mers POEGMA için sırasıyla 13,46 ve 15,78 Å). 

Zincir boyutu ile Rg değerlerindeki artış PEG'e kıyasla daha küçük çıkmıştır. Ayrıca, 

POEGMA zincirlerinin çok daha kararlı ve daha fazla N(H2O) değerlerine sahip olduğu 

bulunmuştur. Bununla birlikte, eşdeğer POEGMA için H-bağı sayılarının daha düşük 
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olduğu bulunmuştur. Zincir boyunca H-bağı dağılımı da PEG ve POEGMA zincirleri için 

farklıdır. 

Anahtar Kelimeler:  PEG, POEGMA, MD simulasyonu, dönme yarıçapı, su kabuğu 

analizi, H bağı analizi 
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CHAPTER 1  

INTRODUCTION 

The first chapter contains an overview of poly(ethylene glycol) (PEG), 

poly(oligo(ethylene glycol) methacrylate) (POEGMA), and Molecular Dynamics (MD) 

Simulation, along with the problem definition and the importance of the research. 

1.1. Polyethylene glycol (PEG) 

PEG is a linear or branched, neutral polyether, available in various molecular 

weights and soluble in water and most organic solvents. The chemical formula of PEG is 

presented in figure 1.1: 

 

Figure 1.1 The chemical formula of PEG 

PEGs are also sometimes called poly (ethylene oxide) (PEO); poly (ethylene 

glycol) refers to polyols of molecular weights below about 20,000, and poly (ethylene 

oxide) refers to higher molecular weight polymers. PEG has a strange solubility pattern, 

as it is soluble in water and many organic solvents; therefore, PEG is frequently described 

as amphiphilic.1 Since PEG is soluble in both organic and aqueous media, it is apparent 

that the polymer will be present in both phases of an organic-water, two-phase system2.  

In biological systems, PEG partitions between aqueous medium and cell membranes, and 
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it induces cell fusion, which is used in the production of hybridomas and monoclonal 

antibodies.3–5  

PEG solubility and partitioning patterns can be altered by attachment of 

hydrophobic tails or branches by including hydrophobic co-monomers in the polymer 

backbone, as in the typical ethylene oxide-propylene oxide copolymers, which can make 

it water-soluble if the latter’s subunit is more than half of the total number.1 This alteration 

in solubility can be used to control the partitioning of PEG derivatives in two-phase 

systems, such as benzene versus water, where attachment of hydrocarbon tails shifts 

partitioning in favor of the organic layer.6  

PEGs also have the unusual property of possessing a lower critical solution 

temperature (LCST), or cloud point, of approximately 100°C in water; raising the 

temperature above 100°C will result in insolubility and formation of two phases.7,8 The 

LCST for PEG varies somewhat depending on molecular weight, concentration, and pH. 

Increasing salt concentration can significantly lower the LCST. Also, including propylene 

oxide co-monomer lowers the LCST proportionately until the polymer with 60% ethylene 

oxide and 40% propylene oxide becomes insoluble at 37°C. The attachment of 

hydrophobic end groups has a similar effect, and this solubility-temperature relationship 

in water has several practical applications.9 

Polyethylene glycol (PEG) is a highly versatile polymer extensively used in 

various scientific fields, particularly in drug delivery systems, because it is biocompatible 

and non-toxic.10,11 PEG exhibits a remarkable ability to exclude other polymers in 

aqueous environments, which underlies its key properties, such as protein rejection, the 

formation of two-phase systems with other polymers, and its non-immunogenic and non-

antigenic nature.9 PEG is non-toxic and interacts with cell membranes without damaging 

active proteins or cells, enabling cell fusion, which is a critical part of biotechnology 

processes.3–5 PEG’s versatility is evident in its applications; its chemical structure allows 

for easy modification and attachment to other molecules and nanoparticles, which has 

minimal impact on their chemistry but significantly enhances solubility and increases 

molecular size, facilitating the separation of proteins and nucleic acids from solution for 

purification.12–14 When mixed with a buffer, PEG forms aqueous polymer two-phase 

systems that are highly suitable for biological materials, making them highly effective for 

purification purposes.2  
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PEGylation, the covalent attachment of PEG chains to macromolecules or 

nanoparticles, improves solubility, stability15, and biocompatibility, thereby improving 

pharmacokinetic and pharmacodynamics profiles, which ultimately increases the efficacy 

and safety of therapeutic agents.10,16 PEGylation results in active conjugates that are non-

immunogenic, non-antigenic and have significantly extended serum life.16 PEGylation 

has demonstrated the ability to augment the therapeutic efficacy of several 

pharmaceuticals, encompassing small molecules such as proteins, peptides and nucleic 

acids.17,18  PEG coating has multiple benefits in drug delivery systems, such as extended 

systemic circulation duration, safeguarding against degradation by enzymatic processes, 

increased cellular absorption, and enhanced targeted delivery.11  Research has shown that 

the covalent binding of PEG to surfaces markedly diminishes protein adsorption.19 

  The stealth nature of PEG arises from its molecular and physical characteristics. 

The pronounced hydrophilic characteristics of PEG chains, when attached to proteins and 

nanoparticles, enable each PEG subunit to be enveloped by a minimum of 2-3 molecules 

of water.20,21As a result, this makes a water layer with a large excluded volume that 

prevents neighboring nanoparticles and/or blood components or proteins from penetrating 

the core and interacting with the core of PEGylated nanoparticle or molecule by 

electrostatic or hydrophobic interactions.22–24 PEG is highly flexible and exhibits high 

chain mobility, leading to an extensive array of polymer chain conformations. Thus, any 

significant limitation of PEG's structural freedom, including the motion of its chains by 

arriving biological molecules, is thermodynamically unfavorable.25,26 These features 

inhibit the interaction between the PEGylated nanoparticles and the biological 

environment. The amalgamation of these qualities renders PEG an essential instrument 

in biotechnology and medicine, especially in drug delivery systems. 

Polyethylene glycol (PEG) is the most commonly used stealth polymer in skin 

care products, nutrition, and drug delivery, with many PEGylated products accessible on 

retail shelves and several others in clinical testing.27 The over-exposure to products 

including PEG in various fields has led to the polymer losing its stealth characteristics, as 

scientists have observed immune response to PEGylated biomolecules. Many researchers 

have stated that the immunological response to PEG-conjugated drug molecules, caused 

rapid removal of the drugs from the system, losing their efficacy.24,28,29  Moreover, similar 

scientific reports on fast clearance of the pegylated drug from human and animal blood 

circulation have held PEG-specific antibodies for the phenomenon, leading to its low 
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efficiency.30–32 Furthermore, recent studies have also pointed out that anti-PEG antibodies 

could be present, even in those people who have never been administered any PEG-

conjugated drugs in their lives.33 Apart from the low effectiveness and rapid blood 

clearance, some clinical reports have observed such drugs triggering hypersensitivity and 

sometimes severe allergic responses in patients.34 Recently there has been a push to 

discover and develop alternative non-fouling stealth polymers which can reduce the 

problems and limitations of PEG.35 

1.2. Poly (Oligo (Ethylene Glycol) Methyl Ether Methacrylate) 

(POEGMA) 

POEGMA (Poly (Oligo (ethylene glycol) methyl ether methacrylate)) has been 

investigated and garnered attention from various fields like biotechnology and the 

pharmaceutical industry. It has a branch or brush polymer structure comprising of its 

hydrophobic methyl methacrylate backbone and OEG (oligo (ethylene glycol)) side 

chains, which are hydrophilic in nature. The properties and beneficial characteristics of 

OEG have been detailed above. The chemical structure is presented in Figure 1.2: 

 

Figure 1.2 POEGMA Chemical Schematic 

POEGMA’s OEG branches have several useful chemical properties like non-

toxic, non-immunogenic, and good biocompatibility which makes them extremely prized 

in the fields of biotechnology and medicine.36,37 It is a thermos-responsive polymer, with 

its LCST highly dependent on the length of its OEG branches. The LCST of the polymer 
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according to needs can be tuned by simply altering the length OEG branches.38–40 This 

property is vital in controlled drug delivery processes, because it enables accurate 

adjustment of the polymer solubility for different environmental temperatures. The 

extremely hydrophilic OEG branches create a steric wall that bars the conjugated 

nanoparticles’ interactions with surrounding proteins. This low non-specific adsorption 

and non-fouling characteristics are extremely important in pharmaceutical industry as it 

increases the blood circulation half-life of the drugs, by reducing their detection and 

removal by the immune system, using their stealth properties.16,41 

As a result, POEGMA has the ability to improve the pharmacokinetic properties 

of the conjugated nanoparticles. The coating of a molecule by POEGMA increases the 

dispersion of the in aqueous environments, improving the solubility and the diffusion of 

the drug molecule in the said media.31,42,43 It can also be employed in modification of 

proteins, nanoparticle surfaces and nano-carriers. The attachment of POEGMA on these 

nano-carriers enhances their stability and antifouling characteristics, diminishes 

accumulation, and limits uptake by the reticuloendothelial system (RES), hence 

prolonging their blood circulation period within one's body.44–47  

POEGMA can grafted onto the surfaces to develop surface coating, that repel 

proteins, which is of vital importance for biomedical engineering field, as the medical 

implants may be contaminated by the adsorption of proteins or the immune system 

recognition as a foreign substance leading to eventual failure of the devices. POEGMA 

conjugation on the surface of the device can improve biocompatibility of such devices 

and coatings have the potential to enhance the bio-compatibility of such devices and 

extend their usable lifespan48. Moreover, it can improve the sensitivity and reliability of 

biosensors by preventing non-specific protein adsorption to the monolayer surfaces.41 

Furthermore, the hyper branching  of the polymer enables hydrogels based it to be 

effectively used as cell culture scaffold.49 The biocompatibility of the polymer, along with 

its adjustable physical characteristics, renders it ideal for facilitating cell growth and 

differentiation. 

Various controlled polymerization techniques such as RAFT and ATRP allowing 

great control of molecular weight and architecture can be utilized to synthesize 

POEGMA. This versatility and control of the molecular structure lets POEGMA to be 

tailored according to specific purposes.41 The architecture as well as the molecular weight 

are pivotal in determining and tuning the properties like solubility viscosity and 
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hydrophilicity of POEGMA bases materials and their utility. In general, the 

hydrophilicity and blood clearance time increase with the increased molecular weight of 

the polymer. Sano et al.’s cellular uptake and blood circulation lifetime studies of 

POEGMA conjugated nanoparticles suggested that compared to PEG, POEGMA is 

potentially a better stealth polymer option.50 

1.3. Molecular Dynamics Simulations  

Computer simulation techniques have been devised to emulate the fluctuating 

responses of systems and are used frequently across several disciplines of science, 

especially in macromolecular complexes and the biological sciences. Two of the 

foremost widely used mathematical techniques include Monte Carlo (MC) and Molecular 

Dynamics (MD) simulations. Both approaches are effective instruments for investigating 

the behaviour of complex systems. However, they diverge markedly in their 

methodologies and capacities. The progress of these computational techniques can be 

traced to critical events in the history of science. MC simulations were first employed 

during the Manhattan Project in World War II to model nuclear detonation processes. 

Later, in the mid-1950s, Fermi, Tsingou, Pasta, and Ulam introduced Molecular 

Dynamics as an alternative technique, which models the behaviour of molecules in a 

system as they evolve over time, following Newton's laws of motion.51 Although MC 

methods are successful, molecular dynamics simulations have become more prominent 

because they can simulate time-dependent molecule behaviors, providing a more 

comprehensive insight of system dynamics. MD simulations have developed into an 

important instrument to further research in molecular biology and macromolecular 

systems by detailing chronological progression and interactions among molecules.52,53  

MC simulations are run by generating a collection of configurations and structures 

via arbitrary variations, prioritizing those with reduced total energy and elevated 

probability. This method is especially efficient for testing equilibrium conditions and 

evaluating the statistical characteristics of systems. Nonetheless, MC simulations cannot 

offer details into a system's time-based progression, hence constraining their applicability 

in investigations necessitating time-dependent analysis.54 

On the other hand, MD simulations accurately simulate molecular behavior as it 

evolves by computing their locations and momenta according to Newton's equations of 



7 

 

motion. The chronological evolution of the structure, also known as a trajectory, 

facilitates comprehensive time-dependent analysis, encompassing rheological 

parameters, transport coefficients, spectra, and system reactions following disturbances. 

MD simulations are especially beneficial for examining interactions in bio-molecular 

systems, as they offer a detailed trajectory of molecular movements and include dynamic 

characteristics that MC simulations fail to represent.53,54 

1.3.1. Brief History of MD 

In the second half of the 1950s, molecular dynamics approaches first appeared in 

theoretical particle physics groups of researchers. The initial molecular dynamics 

simulations were performed by Alder and Wainwright in 1957, employing a hard-sphere 

model where atoms reacted solely by ideal collisions of elastic nature.55 In 1964, Rahman 

created a seamless, continuous potential to mimic more accurate atomic interactions, 

expanding onward the previous approach.56 

By the 1970s, major developments in computational science enabled the 

application of MD simulations to ever more sophisticated and massive systems, such as 

proteins, DNA, and macromolecules. This growth enabled the application of computer 

simulations in other disciplines, including materials science, biophysics, and 

biochemistry 57. In 1971, Rahman and Stillinger performed the inaugural MD simulation 

of liquid water, subsequently conducting a simulation to examine the influence of 

temperature on water, and enhanced molecular dynamics in 1974.58–60 In 1977, the 

earliest protein simulation focused on the bovine pancreatic trypsin inhibitor was a 

significant breakthrough in the field of computational biology.61 

Historically, anticipating and comprehending biological procedures and intricate 

chemical reactions have presented substantial obstacles. The advancement of MD 

techniques has proven crucial in tackling these complexities, providing comprehensive 

insights into the dynamics of molecular systems. MD's significant contribution to 

scientific knowledge development was accredited in 2013 when the Nobel Prize in 

Chemistry was granted to Martin Karplus, Michael Levitt, and Arieh Warshel for creating 

multiscale models for intricate chemical interactions. This achievement showed how 

important MD simulations are for the latest information about chemical and biological 

processes. Molecular dynamics modelling now uses predictive technologies like machine 
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learning to make force fields that are accurate to the quantum level.62 

1.3.2. The Basic Algorithm of MD 

By solving Newton’s classical equations of motion, MD simulations show how 

individual atoms move within a system over time.63 The system’s evolution, which is 

shown by its trajectory, demonstrates how the atoms move over a certain period of time. 

The simulation starts with a fixed initial arrangement, which sets the particles' exact 

positions in a simulation box. After that, interaction potentials are used to figure out how 

the forces acting on each atom from the other atoms in the system change the motion and 

arrangement of the all particles.64 

The acceleration of the particles is determined using Newton's equations of 

motion, which is used to estimate speeds and change coordinates at later times, by 

integrating these equations.64 Newton's second law of motion describes the basic theory, 

which is written as: 

ai =
Fi

mi
=

dvi

dt
=

d2ri

dt2                        (1.1) 

The variables in Equation 1.1 are the force on the particle i represented by F , time 

t, acceleration a , velocity v, atomic position r, and mass of the particle m. In MD 

simulations, the above equation tells us how to predict the paths of atoms. After the 

starting conditions ri(t0) , vi(t0), U(ri) and ∆t are set, the forces for this exact timestep 

are found using following steps. 

ai =
Fi

mi
                            (1.2) 

Fi(ri) = −∇U(ri)                                (1.3) 

Numerical integration of Newton’s equations of motion can be used to find out 

where each atom is and how fast it is moving. Integration methods that are used to solve 

Newton's equations of motion make this purpose are the Velocity-Verlet integrator 

method65 and the leap-frog stochastic dynamics integration technique66 in MD simulation 

calculations, the older model being the most popular choice because it is faster to compute 
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and more accurate. These methods are necessary to correctly predict movement at every 

time step. 

Through the Taylor series expansion, it is possible to guess where a particle will 

be in the next period of time. For the i-th particle, the position ri  at time t + ∆t is 

expanded as Equation (1.4): 

ri(t + ∆t) = ri(t) + vi(t)∆t +
1

2
ai(t)∆t2 + Ο∆t3                   (1.4) 

The current position ri(t) , the velocity vi(t) , the acceleration ai(t) , and time 

step ∆t  are then used in Equation (1.5) to estimate the speed and acceleration of all 

particles, which allows modelling of particle motion. This expansion is what integration 

methods for MD models are built on. 

vi(t + ∆t) = vi(𝑡) +
1

2
𝑎𝑖(𝑡)∆𝑡2 + Ο∆t3 +

1

2
𝑎𝑖(𝑡 + ∆𝑡)∆𝑡2          (1.5) 

The basic structure of the Velocity-Verlet method is shown in Equation (3.5). This 

method moves forward by solving Equation (1.4) and getting the acceleration term from 

the potential energy at the new position ri(t + ∆t) is represented as: 

ai(t + ∆t) = −
1

mi
∇U(ri(t + ∆t))                                      (1.6) 

In the Equation (1.6) ,ai(t + ∆t) particle’s acceleration at new time of (t + ∆t), 

mi is particle’s mass, and U(ri(t + ∆t)) is the system’s potential energy at the new 

particle coordinates ri(t + ∆t). Newton's second law proves that the force acting on the 

particle will have a negative slope of the potential energy ∇U .  The velocity-Verlet 

method is used to make sure to keep the exact integration of the equations over time. Once 

new acceleration is found using this equation, the updated position is calculated using 

Equation (1.4) which is used to predict the new speeds and coordinates over and over 

again for each time step. This process ensures that the equations of motion are always 

being integrated, which speeds up the simulation's time progress. 

The system's trajectory calculated by MD simulation will depict the nanoscale 

change in coordinates and particle speeds over time. The mathematical models in the 

software will also provide the thermodynamic parameters of the system, including the 

energy, pressure, and various other variables. MD simulations are used to out the changes 
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in polymers' binding free energy or examine the forces and mechanisms underlying 

structural modifications in biomolecules. 

To calculate the time scale sequence of molecular movements, MD simulations 

require certain thermodynamic parameters. These parameters will help in understanding 

the molecular-level relationships between the particles of the whole system; these include 

the overall energy of the system, its volume, temperature, and pressure. The collection of 

all statistical possible systems, which have the same thermodynamic properties and 

physical attributes at the quantum scale, is called an ensemble. In MD simulation, 

commonly used ensembles are detailed in the following figure: 

         

 

These ensembles set the foundation for outlining the behaviour of the system in 

molecular dynamics simulations and are essential for guaranteeing a precise picture of 

thermodynamic parameters. 

  

Canonical Ensemble: 

(NVT) 

This ensemble maintains the same number of particles, 

volume, and temperature, rendering it appropriate for 

examining equilibrium characteristics under stable 

thermal settings. 

Isothermal-Isobaric 

Ensemble: (NPT) 

This ensemble keeps the same number of particles, 

pressure, and temperature, commonly utilised to 

replicate genuine settings characterised by changes in 

temperature and pressure 

Microcanonical Ensemble: 

(NVE):  

This ensemble maintains fixed particle number, 

volume, and total energy, making it suitable for 

examining systems shielded from external disturbance. 

 

Table 1. Common thermodynamic ensemble employed in MD 

simulation. 
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1.4. Force Field 

A force field is a mathematical model that gives the total energy of a molecular 

system according to its conformation. It shows large groups of atoms held together by 

elastic forces that can be understood through potential energy expressions. These 

functions consider numerous structural and interaction characteristics, encompassing 

bond lengths, bond angles, and non-bonded interactions. The parameters employed in 

force field functions are obtained from test data and advanced quantum mechanics 

computations.67 These parameters warrant the precise depiction of molecular interactions, 

allowing the force field to consistently simulate a system's architectural, energetic, and 

dynamical characteristics. The system's overall energy is expressed as a sum of these 

potential energy components. The phrase "force field" is occasionally called "potential" 

in academic literature, underscoring its pivotal function in molecular modelling and 

simulation.57 The above theoretical framework serves as the basis of the simulation of 

molecular behaviour and the prediction of system energetics. 

The acceleration of a particle is calculated as the negative derivative of the 

potential energy function about the particle's position, divided by its mass, as specified in 

Equation (1.6). The overall force exerted on the atom is expressed as the change of the 

potential energy concerning the particle's position: 

Fi = ∑ fijj≠i
 

        (1.7)     

fij = −∇Uij                                            (1.8) 

Where f denotes the force between the respective atom and other atoms, and U 

signifies the potential energy function.68 The potential energy includes both bound (bond, 

angle, dihedral) and non-bonded (electrostatic and van der Waals) interactions among the 

atoms, as specified by the subsequent equations: 

EtOTAL = UBOND + UANGLE + UDIHEDRAl + UELECTROSTATIC + UVANDERWAAL         (1.9) 

Equation (1.9) encompasses potential energy values that account for interactions 

among covalently bound atoms, including the two-body spring bond, three-body angular 

bond, and four-body torsional (dihedral) angle. These phrases outline the interactions 
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among atoms within a molecule. Furthermore, non-bonded atomic interactions, including 

the Lennard-Jones potential and electrostatic potential, are incorporated, depicting the 

interactions between atomic pairings (i, j), excluding those pairings already encompassed 

in the bonded terms. 

Force fields are classified according to their origin, some of which were derived 

from data collected through experiments, such as X- Ray diffraction research, whereas 

others originate from mathematical techniques such as quantum mechanical calculations. 

Although most force fields employ comparable mathematical frameworks, they 

frequently vary in the particular equations and approaches employed to derive their 

parameters. Prominent examples of established force fields comprise CHARMM 

(Chemistry at Harvard using Molecular Mechanics)69, AMBER (Assisted Model 

Building with Energy Refinement)70, OPLS (Optimized Parameters for Large-scale 

Simulations)71, GROMOS (Groningen Molecular Simulation)72, and MMFF (Merck 

Molecular Force Field)73. 

1.4.1. CHARMM Force Field 

Chemistry at Harvard using Molecular Mechanics (CHARMM) is a commonly 

used software application intended for molecular dynamics simulations. It offers a wide 

range of features for creating and implementing force fields critical to modeling 

molecular systems. CHARMM, created by Martin Karplus and his research team, has 

undergone continuous refinement and expansion since its establishment in 1983.74 

The MacKerell Laboratory consistently upgrades and enhances the CHARMM 

force fields to guarantee their relevance and precision in molecular simulations. The 

CHARMM force fields offer a comprehensive database for the modeling of an array of 

biological substances, such as peptides, proteins, nucleic acids, lipids, and carbohydrates. 

These force fields are adept for both tiny molecules and macromolecules, facilitating the 

investigation of diverse systems. Prominent instances encompass CHARMM36 for 

proteins and CHARMM27 for nucleic acids, rendering them extremely effective at 

examining the dynamics and interactions of intricate bio-molecular systems, including 

polymers such as PEG and POEGMA in aqueous settings.69 The potential energy function 

of the complete system is represented as:  
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𝑈 = ∑ 𝑘𝑏(𝑟 −  𝑟0)2

𝑏𝑜𝑛𝑑

 + ∑ 𝑘𝜃(𝜃 −  𝜃𝑒𝑞)
2

𝑎𝑛𝑔𝑙𝑒𝑠 

 + ∑ 𝑘𝜑(1 +  𝑐𝑜𝑠[𝑛ϕ −  𝑑]) 

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

 

+  ∑ 𝑘𝜔(𝜔 −  𝜔𝑒𝑞)
2

+ ∑ 𝑘𝑢(𝑢 −  𝑢0)2  +

𝑈𝑟𝑒𝑦−𝐵𝑟𝑎𝑑𝑙𝑒𝑦𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠

+ ∑ 4𝜖 [(
𝑅𝑚𝑖𝑛𝑖𝑗

𝑟𝑖𝑗

)

12

− (
𝑅𝑚𝑖𝑛𝑖𝑗

𝑟𝑖𝑗

)

6

]

𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑

+
𝐶𝑞

𝑖
𝑞

𝑗

𝜖0𝑟𝑖𝑗

  

1.4.2. Bonded PE Terms 

Figure 1.3 shows a graphical representation of potential energy, which is related 

to this harmonic vibration. Oscillation about an equilibrium bond length, (r0), arises 

from the force that restores equilibrium applied by the bond, defined by a bond constant 

(k). 

 

 

The force in question emerges when the bond's length diverges from its 

equilibrium value, resulting in harmonic motion(vibrations) of the molecule. It is 

frequently represented by Hooke's law as Equation (1.11): 

Ubond = k(rij − r0)
2
                               (1.11) 

where UBOND  refers to the bond stretching potential, rij  describes the 

instantaneous bond length, r0 denotes the equilibrium bond length, and k denotes the 

bond constant, indicating the rigidity of the bond. This equation demonstrates that the 

Figure 1.3 Bond Stretching and Associated Potential 

Energy Curve 

(1.10) 
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bond's behaviour is similar to a spring, with energy increasing exponentially as the bond 

is elongated or contracted from its position of equilibrium. 

Figure 1.4 shows the angular potential, which is represented in Equation 1.12 by 

as UANGLE , which denotes the energy attributed to the bending action of three covalently 

connected atoms (i, j, k) around the center atom i.  The bending happens when the angle 

θ is established between the two bonds i..j and j..k, shifts from the equilibrium angle θ0. 

The potential energy escalates when θ deviates away from θ0, because of the restoration 

force that attempts to preserve the angle near its equilibrium position. This type of 

behaviour is generally represented using harmonic potential as expressed in Equation 

(1.12): 

 

 

Uangle = kθ(θ − θ0)2                (1.12) 

where 𝑘𝜃 represents the force constant (indicating the rigidity of the bond angle) 

and θ0 is the equilibrium state of the angle in radians. This equation calculates the energy 

expenditure associated with altering the angle between the atoms. 

The dihedral potential is shown in Figure 1.5 and represented by the Equation 1.13, where 

Udihdral denotes the torsional energy caused by the rotation around the bond between 

atoms i and j in a set of four covalently bonded atoms (i, j, k, l). This torsional rotation 

changes the angle ϕ, which is defined as the angle between the planes formed by (j, i, k) 

and (i, j, l). The potential energy function for dihedrals is periodic and is stated as in 

Equation (1.13): 

Figure 1.4 Bond energy (E) as a function of bond angle (θ) with a 

three-atom schematic 
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Udihdral = kθ(1 + cos(nϕ + d))    (1.13) 

In this context,  ϕ represents the angle of dihedral in radians, n signifies the 

potential's periodicity (the number of minima that occur per 360° rotation), d  denotes the 

state of equilibrium dihedral angle (the phase offset at which energy is reduced), k dictates 

the force constant that establishes the energy barrier's the size. The energy preference for 

certain torsional configurations and the obstacles to rotation around the bond are captured 

by this potential. 

1.4.3. Non-Bonded Potentials 

The Figure 1.6 below shows a graphical representation of electrostatic potential, 

whereas Equation 1.14 represents the formula. The 𝑈𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 denotes the interaction 

energy between two charged atoms i and j. It is inversely proportional to the distance r_ij 

between the atoms involved, implying the potential declines as the atoms move apart. 

Figure 1.5 Dihedral energy (E) as a function of torsion angle (τ) with a 

four-atom schematic. 



16 

 

 

 

𝑈𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 = 𝜖14
𝐶𝑞𝑖𝑞𝑗

𝜖0𝑟𝑖𝑗
                             (1.14) 

The charges q_i and q_j of the atoms dictate the magnitude of the interaction, while 

Coulomb's constant C and the dielectric constant ϵ_0 account for the medium's 

characteristics. Furthermore, ϵ_14 serves as a scaling factor used to modify the interaction 

for 1-4 atomic pairs in molecular systems, hence ensuring a precise representation of 

intramolecular forces. 

 

 

𝑈𝐿𝐽 = −4𝜀 [(
𝑅𝑚𝑖𝑛𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝑅𝑚𝑖𝑛𝑖𝑗

𝑟𝑖𝑗
)

6

]     (1.15) 

Figure 1.6 Electrostatic potential with respect to  r.85 

Figure 1.7 Lennard-Jones potential schematics85 
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The Lennard-Jones potential graph in Figure 1.7 is represented by Equation 1.15, 

where  𝑈𝐿𝐽  characterizes non-bonded interactions among two atoms, equilibrating 

attractive and repelling forces. The attractive term signifies weak dipole-induced 

interactions that prevail at greater distances, whereas the repulsive term addresses the 

intense core repulsion when atoms are nearby. The interatomic distance r_ij dictates the 

intensity of these interactions. This potential elucidates the interactions of atoms inside 

systems, ensuring stability and realistic spatial configurations. 

1.5. Problem Statement 

PEG was fundamental in numerous industries, especially in pharmaceuticals, in 

the past, owing to its exceptional capacity to enhance the efficacy and safety of drugs. Its 

adaptability, biological suitability, and simplicity of chemical modifications have 

established it as a cornerstone in the formulation of PEGylated medicines. The pervasive 

application of PEG in various products, such as medications, home items, beauty 

products, and grooming products, has resulted in unforeseen repercussions. The primary 

concern is the formation of anti-PEG antibodies, which jeopardize both the safety and 

effectiveness of PEG-based therapies.31 This thesis will investigate the potential of 

POEGMA as a viable replacement for PEG by examining the interaction of POEGMA 

and PEG with water through molecular dynamics modelling. Consequently, it enhances 

research on POEGMA by thoroughly understanding its potential. 

The extensive use of PEG, previously regarded as non-immunogenic and inert, 

has led to frequent and long-term exposure to humans. This prolonged exposure has 

markedly facilitated the increase of anti-PEG antibodies, both previously present and 

treatment-induced. 24 Although PEG was once deemed safe, its widespread presence has 

elicited immunological responses that today threaten the efficacy of PEGylated 

pharmaceuticals. Anti-PEG antibodies pose a significant challenge for drug companies, 

as they can disrupt the therapeutic effectiveness of PEGylated drugs.32 Antibody 

responses expedite drug elimination from the system, diminishing the pharmaceuticals' 

circulation and hence decreasing their efficacy.29  Clinical research studies of PEGylated 

medicines, including PEG-uricase and PEG-asparaginase, have revealed detrimental 

consequences among patients exhibiting accelerated clearance of drugs and therapeutic 

failures.75,76 The PEG-specific antibodies have been associated with acute allergic 
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reactions and extreme hypersensitivity during clinical research tests, which along with 

the other loss in effectiveness of PEG-coated drugs put the high need for researching 

suitable PEG alternative stealth polymers.77  

Searching for suitable alternatives, researchers considered different polymers that 

are similar to PEG in non-fouling properties but without the immunogenicity of PEG. Of 

the various alternatives PEOGMA seems to be one of the most promising choices, 

because while the oligo ethylene glycol side chains still give it a biocompatible nature, 

the shorter length of these chains lowers the immunogenicity. The reduced immune 

response is attributed to short OEG branches which are hypothesized to fall below the 

cut-off value required for antibody detection.  Moreover, unlike PEG, POEGMA can be 

produced by controlled polymerization methods allowing tunability and optimization of 

the molecular architecture hence its properties according to specific needs of the 

systems.78  In addition to these POEGMA has remarkably low reactions rate and detection 

by PEG specific antibodies, which is necessary property in minimizing the antibody 

response. The reduced immune response is attributed to short OEG branches which are 

hypothesized to fall below the cut-off value required for antibody detection. The 

conformational difference between the polymers provide the possible solution to anti-

PEG immune response.78  

The improved pharmacokinetics and reduced biofouling properties prolongs the 

POEGMA-coated drugs lifespan in blood circulation, as a result it will reduce the dosage 

frequency of the drugs.41,79 Moreover, the tunability of POEGMA allows the side chain 

length and the molecular size to be altered according to the requirement of the application.  

Preliminary studies suggest that that POEGMA conjugation increase the uptake of the 

drugs by the tumor, its viability and stability in biological environments, showing the 

potential prospect for the polymer in controlled and targeted drug delivery 

applications.50,80 Furthermore, POEGMA has a much more compact molecular structure, 

can be taken up much better by cells and has the ability to self-assemble into nanoparticles 

when compared to PEG, making it an alternative next-generation stealth polymer for the 

pharmaceutical and biotechnology industries.81  

Considering the potential of POEGMA as a viable alternative to PEG, it is crucial 

to uncover the similarities or differences between these two polymers and their underlying 

molecular mechanisms. This contributes to a deeper understanding of the relative 

advantages and limitations of POEGMA over PEG. Thus, this study aims to compare the 
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interaction of PEG and POEGMA with water using MD simulations. With this aim, 

LAMMPS software was used to perform MD simulations of different molecular weights 

of PEG and POEGMA in aqueous environment. Different metrics like radius of gyration, 

hydration shell around the polymer chain, and hydrogen bonding between polymer and 

water were calculated and used to compare the interactions of both polymers with water. 

The results of this study shed light on the differences in the interaction of POEGMA with 

water compared to PEG, hence provide information valuable to understand the suitability 

of POEGMA as an alternative to PEG for industrial and pharmaceutical uses. 
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CHAPTER 2  

LITERATURE REVIEW 

This chapter discusses pertinent scientific studies, related PEG, POEGMA, and 

MD simulations of these polymers, to present the previous research done in the field and 

gain a deeper understanding of the polymers' conformational behavior. 

2.1. PEG 

Tasaki et. al. utilized molecular dynamics simulations to investigate the 

conformation and water interactions of a polyethylene glycol chain consisting of 15 

ethylene oxide units at 300 K and 373 K, corresponding to ambient temperature and the 

LCST of PEG, respectively.82 The study utilized a modified force field with adjusted 

atomic charges and torsion terms to accurately capture PEG-water interactions and 

conducted the simulations in a cubic water box under NVE conditions with periodic 

boundaries and a long-range interaction cutoff of 8 Å, for 2 ns at 300 K and 1 ns at 373 

K. Results demonstrated a transition of the PEG chain from a collapsed gas-phase 

conformation to a stable helical structure in water, which persisted across both 

temperatures. The helix featured predominantly gauche conformations around C-C bonds 

and trans conformations around C-O bonds, forming a (11/2) helical structure with an 

average pitch of 16 ± 3 Å. This conformation differed from the (7/2) helix observed in 

crystal structures, with the aqueous helix being more compressed and accommodating 

water molecules within its diameter. The helical structure was found to be highly stable, 

reverting to its aqueous helical form after transitioning to a random coil in benzene or 

undergoing simulated annealing to 1000 K. This stability was attributed to the helix's 

compatibility with the hexagonal water structure, minimizing disruptions to the water 

hydrogen-bonding network. 82Although focused on a short PEG chain, the study provided 

crucial insights into PEG’s unique solubility and structural properties in water, 

emphasizing the importance of extended simulations for higher molecular weight 

polymers to generalize these findings. 
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The study by Smith et al. 83 employed MD simulations to investigate the 

conformational behavior of PEG in aqueous solutions, focusing on the effects of 

temperature and concentration. The simulations used an NVT ensemble with systems 

comprising approximately 4000 atoms, including at least eight PEO polymer molecules, 

with polymer concentrations varying from dilute (Wp = 0.025) to concentrated (Wp = 

1.00) solutions. Simulations spanned 10 to 40 nanoseconds, utilizing quantum chemistry-

based atomistic potentials validated for PEG properties. Analysis revealed that local 

conformations, particularly the population of gauche (g) dihedral angles around C-C 

bonds, increased with lower temperatures and dilute conditions. Conformations were 

classified as hydrophilic or hydrophobic based on their interactions with water; 

hydrophilic tgt and tgg sequences increased with water concentration, while hydrophobic 

tg+g- conformations became more prominent at higher polymer concentrations. In 

concentrated solutions, PEO chains exhibited compact dimensions due to reduced C-C g 

dihedrals increase in the C-O g dihedral. In contrast, in dilute conditions, chains extended 

due to excluded volume effects rather than changes in local conformations. Chain 

dimensions exhibited weak temperature dependence, attributed to decreased solvent 

quality with increasing temperature83. These findings provide a comprehensive 

understanding of PEO's conformational properties in water, which are crucial for its 

applications in diverse aqueous environments. 

Another study by Smith et al. employed MD simulation 84 to study the PEG-water 

interactions, focusing on hydrogen bonding and its dependence on solution composition 

and temperature. Systems consisted of PEG with a molecular weight of 530 Da in aqueous 

solutions spanning polymer Wp from 0.025 to 0.90 and temperatures from 298 K to 450 

K. Each simulation included approximately 4000 atoms, using quantum chemistry-based 

atomistic potentials for PEG and the TIP4P model for water, with electrostatic 

interactions computed via Ewald summation. Simulations were conducted under NPT 

conditions for 2-3 ns to determine equilibrium densities, followed by NVT production 

runs lasting 10–50 ns. The results showed that PEG-water hydrogen bonding increased 

in dilute solutions but saturated at Wp = 0.5, with saturation corresponding to the 

stabilization of PEG-water interactions. Temperature elevation reduced hydrogen 

bonding, aligning with experimentally observed LCST behaviour. At immiscibility 

conditions (450 K), nearly 50% of PEG-water hydrogen bonds were broken. Water 

clustering was pronounced in concentrated solutions, and while some water molecules 
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formed bridges between ether oxygen atoms, these predominantly connected oxygens 

within the same PEG chain 84. Thermodynamic analyses linked hydrogen bond dynamics 

to enthalpy and entropy changes, providing insights into the energetics of PEG-water 

interactions, which is critical for understanding polymer solubility and behavior in 

aqueous environments. 

In the study by Lee et al., a coarse-grained (CG) model for PEG within the 

MARTINI force field was used, mapping 3–4 heavy atoms to single CG beads and 

refining bonded and non-bonded parameters for accurate structural and dynamic 

properties.85 Chain dimensions, including the radius of gyration (Rg) and end-to-end 

distances, showed strong agreement with experimental and all-atom simulation results, 

particularly for PEG76, where CG and all-atom Rg values (19.1 ± 0.7 Å and 20.4 ± 0.8 

Å, respectively) closely matched the experimental value (19.7). The model captured the 

transition from ideal to actual chain behaviour at Mw ≈ 1600–2000, consistent with 

experimental data. Simulations of PEG76 at varying concentrations revealed no 

significant change in Rg, suggesting that previously observed concentration dependence 

might be due to interchain scattering. Moreover, the simulations successfully modelled 

the mushroom-to-brush transition as grafting density increased in grafted PEG aligning 

with Alexander-de Gennes’ theory85. This model enables efficient and accurate 

simulations of PEG in various environments. 

Lee et al. employed MD simulations to investigate the behaviour of PEO and PEG 

in aqueous solutions, focusing on validating the revised CHARMM ether force field and 

analysing polymer conformations and hydration effects86 (Lee et al. 2008). The C35r 

force field demonstrated excellent agreement with experimental conformer populations. 

Simulations were conducted using the TIP3P water model at 296 K and 1 atm, employing 

a Nosé-Hoover thermostat, Andersen-Hoover barostat, and particle mesh Ewald (PME) 

for electrostatics. Polymers of different lengths (-9, -18, -27, and 36-mers and 27-mers of 

PEG were simulated in water boxes with dimensions ranging from 44 Å to 58 Å per side. 

Chain dimensions, including the radius of gyration (Rg) and end-to-end distances, 

confirmed that PEG behaved as an ideal chain at low molecular weights, with a 

persistence length of 3.76 ± 0.4 Å, matching experimental values. Hydrodynamic 

analyses revealed that hydration significantly influenced the hydrodynamic radius (Rh), 

Rh ≈ 0.85 Rg was observed for PEG molecules, the theoretical value of which is 0.665 

derived from the Kirkwood-Riseman model for an ideal chain. This difference can be 
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attributed to the presence of the hydration shell. The study further noted shape anisotropy, 

where the middle dimension of PEG chains was slightly smaller than 2Rh of membrane 

pores, correlating with polymer diffusion through membrane pores86. These findings 

affirm the suitability of the C35r force field for simulating PEG in water and provide 

valuable insights into polymer hydration and transport behaviour. 

The study by Oelmeier et al.87 carried out MD simulations using the Yasara 

Structure software package with Amber03 force field to investigate the effect of PEG 

chain length on its structure and interactions with water, providing insights into its 

behavior in aqueous two-phase systems (ATPS). Simulations were performed for 10-30 

ns in a TIP3P water system at 298 K and pH 7.0, utilising rectangular simulation boxes 

customized for PEG lengths. Structural research indicated that PEG assumed a random-

coil shape, exhibiting increased helicity and hydrophobic surface exposure with longer 

chain lengths due to greater accessibility of CH groups. The polymer’s Rg increased as 

its molecular weight was increased, meaning the polymers behaved like ideal polymer 

chains. At the same time, the surface became more hydrophobic, meaning there were 

fewer hydrogen bonds between PEG monomers and the water structures around them. 

The surface hydrophobicity that was observed in the simulations matched well with lab 

phase-separation data and experimental solvent polarity tests. This proved that the 

simulation framework was a reliable way to show how PEG and water interact at the 

molecular level  87. These results show how chain length affects the surface properties of 

PEG, how it shapes the water layer around the chain and its interaction with solvents, 

which are important for its use in ATPSs and precipitation of proteins. 

Kaiser et al. conducted molecular dynamics simulations utilizing the OPLS-AA 

force field to investigate the hydrogen-bond network of ethylene glycol (EG)88. A cubic 

periodic box with an average density of 1.1003 g/cm³ was used for simulations. 

Equilibrated simulations were performed under NVT and production runs using NPT 

ensembles for 1 ns. To gain insight into hydrogen bonding behavior, they developed 

molecular visualization tools to study the start, formation and breakdown of hydrogen 

bond structures in liquids, providing new insights into their transient behaviors and 

structural arrangement. The hydrogen-bond study indicated that EG established an 

average of 3.7 ± 0.2 bonds between molecules per molecule, characterized by 

spontaneous splitting and reformation, resulting in a brief bond lifespan of 1.5 ps and 

diffusion-related longer-term dynamics of 80.3 ps88. Visualization methods showed 
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hydrogen-bond networks' transient nature. The study shows how important it is to select 

the appropriate forcefield parameters to correctly demonstrate the PEG’s conformational 

and molecular properties, it also provides insights into hydrogen-bonding behaviour in 

PEG-water interactions. 

The article by Hoffmann et al.89 explored the impact of water impurities on the 

properties of PEG200 and its oligomers (di-, tetra-, and hexaethylene glycol) through MD 

simulations were performed using a combination of SPC/E and TIP4P/2005 water models 

with GROMACS, using OPLS-AA force field. The systems were kept at 328 K, and 1 

bar,  500–1000 oligomer molecules with mass fractions 0 to 0.02 were used. Following 

energy minimization, the systems were equilibrated in the NPT ensemble, and then the 

NVT ensemble was used for production runs. The results showed that the polymer did 

not aggregate but rather formed hydrogen bonds with the water structure around it; the 

hydroxyl and ether groups interacted with water molecules, preserving constant water-

PEG interaction profiles across water concentrations. The radius of gyration and end-to-

end distances of the polymers changed slightly as the water concentration was increased. 

Simultaneously, RDFs, including water, revealed consistent interaction between water 

and PEG, with water concentration having no effect on these interactions.89 Comparison 

with experimental data indicated possible overestimations of hydrogen bonding strength 

in simulations, as physical properties showed slight deviation from experimental results, 

including minor changes in density, self-diffusion coefficients, viscosities, and heat 

capacities. These results provided a qualitative understanding of how water affects PEG 

and oligomer properties. 

2.2. POEGMA 

The research conducted by Ozer et al. 81  investigated POEGMA as a stealth 

polymer substitute for PEG, emphasizing its chemical structure and its impact on 

biological interactions. Employing RAFT polymerization, the authors produced 

POEGMA10K and POEGMA20K, contrasting them with commercially acquired 

PEG10K and PEG20K. Dynamic light scattering (DLS) measurements revealed the 

compact structure of POEGMA, evidenced by its reduced hydrodynamic diameter (Dh) 

in water relative to PEG. In contrast to PEG, POEGMA had notable interactions with 

serum proteins, as indicated by elevated Dh in PBS and serum-containing medium, 
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corroborated by surface plasmon resonance (SPR) spectroscopy revealing considerable 

serum adsorption on POEGMA. Atomic force microscopy (AFM) demonstrated that 

POEGMA10K self-organized into nanoparticles owing to its distinctive hydrophobic and 

hydrophilic interactions, a characteristic lacking in PEG.  Cellular investigations revealed 

that POEGMA exhibited enhanced absorption by BEAS-2B and A549 cell lines, driven 

by energy-intensive mechanisms and caveolae-mediated endocytosis, a phenomenon not 

found with PEG. Furthermore, in contrast to PEG, POEGMA demonstrated less steric 

hindrance, hence facilitating the absorption of  biomolecules, including integrin-targeting 

peptides.81 These research results emphasized the difference of POEGMA when 

compared with PEG, such as enhanced penetration into cells, self-assembly properties, 

and superior targeting potential, underscoring its significance for drug delivery 

applications. 

The research conducted by Qi et al. 78 emphasises the capability of POEGMA 

attachment to improve the pharmaceutical efficacy of therapeutic peptides, utilising 

exendin-4 as a model medication for type 2 diabetes mellitus. Unlike the original exendin, 

which only worked for six hours, the exendin-C-POEGMA conjugates lowered glucose 

levels in diabetic mice for up to 120 hours after a single injection under the skin, which 

is significantly longer duration. Increasing the molecular weight of the POEGMA chains 

not only extended the drug activity time, but it also made it less likely for the conjugated 

drug, to bind to receptors. This shows the importance of finding the best chain length to 

balance drug effectiveness and how long it circulates in the blood. EG3 exendin-C-

POEGMA combinations had shorter side chains, but they were just as effective as EG9 

variants. They also had less immunogenicity, showing the tunability of POEGMA 

properties to lower the risk of an antibody response without losing their therapeutic 

benefits. The researchers used sortase-catalyzed technique to make very accurate and 

large amounts of site-specific, flexible molecular-weight POEGMA conjugates. 78. The 

decreased antigenic properties of POEGMA, along with its capacity to extend circulation 

durations and enhance drug delivery, position it as an appropriate substitute for PEG for 

improving the stability and effectiveness of therapeutic peptides and proteins.   

Sano et al. assessed the effectiveness of POEGMA as a tumour-targeted drug 

delivery system via both in vitro and in vivo tests 50. Using atom transfer radical 

polymerization (ATRP), the POEGMA derivatives with molecular weights of 11, 21, and 

30 kDa and different EG side chain lengths were synthesised. For biological dispersion 
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tags, indium-111 was used, and indocyanine green (ICG) tags were used for image 

analysis of the compounds. Cell penetration of the conjugates was studied using 

fluorescence microscopy, which showed that colon26 tumor cells were penetrated by 

ICG-labeled POEGMA compounds more easily than PEG-labeled compounds. 

Compared to higher molecular weight derivatives, POEGMA-B (21 kDa) had better 

tumour uptake and better tumour-to-normal tissue ratios in colon26 tumour-bearing mice. 

This was because it had longer circulation within the body and less off-target buildup in 

the liver and spleen. Compounds with shorter EG side chains were less likely to aggregate 

in stomach 50. The results show that POEGMA-B (21 kDa) is a good choice for delivering 

drugs to tumors because it balances better targeting of tumors with fewer side effects that 

aren't supposed to happen. It can also be used in cancer diagnosis and treatment. 

The research of Gao et al. 90 proposes conjugating protein-based medicines with 

POEGMA to improve their therapeutic characteristics. POEGMA is comparable to PEG 

but has significant drug delivery advantages. This approach used in this  research 

demonstrates that adding POEGMA improves green fluorescent protein's efficacy and 

therapeutic properties (GFP). In blood exposure (AUC), the GFP-POEGMA conjugate's 

hydrodynamic radius (Rh: 21 nm) rose 15 times in comparison with unchanged GFP (Rh: 

3.1 nm) and its terminal elimination lifetime was much longer, indicating lower body 

removal and longer circulation time. POEGMA conjugation also increased tumour 

targeting through the enhanced permeability and retention (EPR) effect in cancer-bearing 

mice, resulting in a 50-fold increase in tumour accumulation for the GFP-POEGMA 

combination in comparison to protein90. This shows that the polymer improves circulation 

time and site-specific distribution, which are crucial for cancer treatment. This study 

shows that POEGMA could replace PEG for future protein-based medicinal treatments. 

Cheng et al. utilized Small Angle Neutron Scattering (SANS) to investigate the 

structure and clustering actions of a polymer featuring a polystyrene backbone and 

abundantly attached OEG side chains providing insights into a polymer similar to 

POEGMA 91. The research generated PTrEGS polymers with backbone polymerization 

degrees of 8, 40, 47, 58, and 85 while retaining an OEG side chain length of 4 and used 

Toluene-d8, methanol-d4, and D2O to study polymer behaviour.  Zimm analysis of the 

second virial coefficient (A2) for the longest chain (DP = 85) showed good (toluene-d8), 

marginal (methanol-d4), and bad (D2O) solvent environments. As DP was raised, the 

polymers evolved from rigid to semiflexible cylindrical configurations in good and 
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marginal solvents, improving mobility in longer chains and preserving rigidity in bad 

solvents because of hydrophobic backbone collapsing.  Shorter chains clustered in all 

solvents due to hydrophobic end-group interactions and OEG side chain D2O hydrogen 

bonding 91. Research on solvent-dependent structure and aggregation reveal that polymers 

like POEGMA may adapt to changing environmental situations, giving them greater 

control and utility than PEG. Because it has a hydrophobic backbone and the identical 

OEG side chains as POEGMA, results have shed light on its structural conformation in 

different solvents. 

The experimental approaches utilized to analyze POEGMA's characteristics and 

structural behaviour Liu et al.  demonstrate its adaptability in numerous applications.41  

Turbidimetry, NMR, DLS, and AFM are used to study POEGMA's thermosensitivity, 

molecular assembly, and non-fouling characteristics with a high resolution. Key results 

from research show that POEGMA's LCST is affected by side-chain length, with larger 

side chains reaching higher cloud points because of enhanced hydration capacity. The 

work also shows that co-polymerizing monomers with different side-chain lengths may 

optimize the LCST for accurate temperature-responsive behavior.  POEGMA's structure-

dependent molecular assembly, driven by side-chain collapse, generates mesoglobules 

and micelles. These structures, affected by concentrations of polymers and temperature, 

could be used in medication delivery. POEGMA brushes discourage protein adhesion, 

making them non-fouling. Chain structure affects protein-repellent ability and 

porousness41. POEGMA's UCST in alcohols, controlled by backbone length and end-

group changes, shows its adaptability to different conditions. 

Johnson et al. synthesized a P(MEO2MA-stat-OEGMA300) copolymer brush 

with 80 mol% MEO2MA and 20 mol% OEGMA300 to study POEGMA brushes' 

thermoresponsiveness. Using neutron reflectometry (NR) and quartz crystal 

microbalance with dissipation (QCM-D), they evaluated the brush's reactions to 

fluctuations in temperature and potassium acetate (KCH3COO) and potassium 

thiocyanate (KSCN) electrolyte solutions 92. NR exhibited brush hydration, density, and 

thickness at the nanoscale, while QCM-D disclosed viscoelasticity and swelling/collapse 

changes. The brush's temperature of transition climbed with OEGMA300, showing its 

thermoresponsiveness. Chaotropic thiocyanate ions enhanced swelling and transition 

temperature, while acetate ions decreased it. Acetate's impact decreased at greater 

temperatures due to steric barriers in the crashed polymer, while thiocyanate kept 
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interacting with it. These findings demonstrate POEGMA's versatility, making it a 

promising material for applications requiring flexible and adjustable temperature and 

ionic properties. 

MD simulations can be used explain POEGMA's LCST responses in aqueous 

settings. Dalgakiran and Tatlipinar used molecular dynamics simulations to study 

POEGMA300's water solubility and lower critical solution temperature, concentrating on 

hydrophobic hydration 48. The General AMBER Force Field (GAFF) determined partial 

atomic charges, and the TIP3P water model in an octahedral periodic box simulated the 

solvent setting. The trajectory and energy measurements were gathered every 5000 steps 

to study the polymer's temperature-dependent characteristics at 290 K, 307 K, 330 K, and 

350 K during 100-140 ns production cycles The simulations showed that POEGMA300, 

with a polymerization of 20 or higher, undergoes a coil-to-globule transition above its 

LCST due to hydrophobic hydration activities around the side chain carbon atoms. Water 

molecules formed cage-like structures surrounding hydrophobic side-chain carbons 

below the LCST, increasing polymer solubility. These aqueous arrangements 

decomposed at temperatures over the LCST, disclosing the polymer's hydrophobic 

regions and causing clustering.  The size loss during this transition is greater with longer 

backbones but less with longer side chains. Compared to hydrophobic hydration, 

hydrogen bonding between the polymer and water had little effect on the LCST phase 

transition. Due to hydrophobic hydration structure collapse and polymer conformational 

shift, longer polymer chains (e.g., 50-mer and 75-mer) have a lower coefficient of 

diffusion with increasing temperatures. 48. 

Dalgapınar et al. performed MD simulations to examine the LCST behavior of a 

diblock copolymer consisting of PMEO2MA and POEGMA300 in aqueous environment, 

utilizing the Amber14 software with GAFF force fields and partial atomic charges 

obtained via ab initio computations 93. In TIP3P water, periodic boundary conditions were 

used to mimic single-chain copolymer systems with block ratios of 20/5, 20/20, and 50/20 

in a truncated octahedral box. Minimization, heating to 290 K, equilibration at 1 atm, and 

production runs at 290 K, 307 K, and 330 K for 200 ns were performed. Rg, hydrogen 

bonding, water arrangement around the polymer, and hydration behavior were examined.  

The breakdown of hydrophobic water structures enclosing the sC enhances entropy and 

facilitates the LCST transition, causing coil-to-globule conversions at 307 K for 

PMEO2MA and 330 K for POEGMA30093. These research results emphasize 
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hydrophobic hydration and water cage collapse in LCST transitions and inform 

thermoresponsive polymer design. 

Heather et al. used MD simulations to study a polymer's self-assembling process 

and properties with POEGMA, MAA, and anthracene units94. The research analyzed 

polymer-solvent interactions, including hydrogen bonding, π-π interactions, and 

hydrophobic effects in different solvent settings. The GROMOS 54a7 force field with 

Automated Topology Builder 3.0 parameters were used for modeling single-chain 

syndiotactic 25-mers with MAA, 5 evenly spaced POEGMA 8-mers, and variable 

anthracene units (0, 2, 4, or 8). Computations were conducted in GROMACS 2018.3, 

using 20 chains in a 10 nm³ box with pre-equilibrated solvents (water, THF, or DMF). A 

500-ns NPT ensemble analysis of solvent-accessible surface area (SASA), hydrogen 

bonding, and anthracene-anthracene interactions revealed compositional and solvent 

influences on polymer assembly. In water, POEGMA's hydrophilic character maintained 

solubility and MAA accessibility, but increasing anthracene content lowered SASA and 

intra-polymer hydrogen bonding, favouring hydrophobic aggregates.94. Notably, 

POEGMA counterbalanced this hydrophobicity by preserving hydrophilic domains. In 

THF, the absence of anthracene favoured hydrogen bonding among MAA units, which 

decreased as anthracene increased, leading to dominant hydrophobic interactions. In 

DMF, polymer-solvent interactions were predominant, but some intra- and inter-chain 

interactions persisted. These findings demonstrated POEGMA's critical role in 

modulating solvent-dependent self-assembly, providing structural stability, and balancing 

hydrophilic and hydrophobic interactions, underscoring its potential for applications such 

as drug delivery. 
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CHAPTER 3  

COMPUTATIONAL AND ANALYSIS METHODOLOGY  

In this chapter the simulation methodology i.e. the molecular modelling, the 

system setup and simulation parameters as well as the analysis methodologies i.e. radius 

of gyration, watershell analysis and hydrogen bond analysis will be discussed.  

3.1. Molecular Design and Configuration 

3.1.1. PEG 

The initial structure for different lengths of PEG solvated in various sizes 

rectangular simulation box with TIP3 water molecules was done using Polymer builder 

in CHARMM-GUI.95 CHARMM-GUI Polymer Builder simulates and generates well-

equilibrated polymer configurations. The "solution" system option can solvate polymer 

chains into the available solvents and set up an MD simulations system.  In the first step, 

PEG polymers were constructed using monomer units that were solvated in different-

sized TIP3P water boxes. 

In the next step, it divides the polymer into CG beads according to the length of 

the monomer units and performs a CG simulation to equilibrate the system, and then the 

beads are replaced with atoms.  Lastly, the complete topology with CHARMM force field 

parameters and simulation input files for LAMMPS were generated. PEG of 20 and 

40mers were constructed with CHARMM forcefield parameters in simulation box size of 

(100*100*100) cubic Angstrom for 20 and 40mers.  
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3.1.2. POEGMA 

The molecular structures POEGMA having 4-, 8-, 12-, 16- and 20 repeating units 

(degree of polymerization) with side chains of 5 OEG repeating units, were designed 

using Avogadro molecular editing software96, the pdb and mol2 file from Avogadro was 

used to generate LAMMPS data file using Open Babel software97, CGenFF was used to 

get the CHARMM forcefield parameters for the data files.98 The (100*100*100 

Angstrom) cubic TIP3 water box was generated separately for each polymer in 

LAMMPS.99,100 The polymers were solvated, and polymer water mixture data files with 

charmff parameters were generated and used in the simulations., Figure 3.2 shows their 

initial structures solvated in water.  

Figure 3.1 (a) PEG20 and (b) PEG40 in water box, (c) PEG20 and (d) 

PEG40 molecular model surrounded by water molecules. 
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3.1.3. Simulation Parameters 

The MD simulations were performed on LAMMPS using the CHARMM 

forcefield.101 The simulations used a real unit system, where the unit of time was 

femtosecond (fs), the unit of distance was in Angstroms (Å), and the unit of energy in 

kcal/mol. Periodic boundary conditions were used to simulate the system and avoid edge 

effects, where atoms exit from one side of the box to re-enter the side. Before the 

simulation started, Newton's third law was disabled using “newton off” to enhance 

stability during and ensure accurate force evaluations even in complex molecular systems. 

A combination of Lennard-Jones and Coulombic potentials was used through 

“lj/charmmfsw/coul/long pair style” to simulate the non-bonded interactions where the 

min cutoff distance was 10 Å and max distance of 12 Å to make sure energy and force 

Figure 3.2 (a) POEGMA4, (b) POEGMA8, (c) POEGMA12, (d) 

POEGMA16 and (e) POEGMA20 initial molecular model 

surrounded by water molecules 
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transition at the boundary was smooth ensure smooth force and energy transitions at the 

cutoff distance. The interactions between all the particles were achieved using 

“pair_modify mix arithmetic” command. Long-range Coulombic interactions were 

calculated using the particle-particle particle-mesh (PPPM) method, achieving an 

accuracy of 1×10^−6 kcal/mol by the command “kspace_style    pppm 1e-6”. 

The full atom style was used for molecular representation of  all the atoms in the 

system, to ensure that all the attributes like angle, dihedral, and improper and charge 

descriptors were included. The harmonic potentials using “bond_style harmonic” 

modelled the bonded interactions, angular interactions were modelled using  “angle_style 

charmm” command, while  CHARMM force-switching potential was used to model 

dihedral rotations using “dihedral_style charmmfsw” command, and harmonic potentials 

were employed to describe improper torsions using “improper_style harmonic”. the 

timestep of 2 fs meaning that each iteration of the simulation was of 2 femtoseconds 

during the whole simulation. 

At the start, the minimization was performed to stabilize the initial structure of the 

system. Before the minimization process was started, the particles in the system were 

assigned velocity using “velocity all create 310 83628 dist gaussian” command, which 

states that all atoms’ velocities will be similar to the natural movement of particles at 

310K temperature. Temperature control during the minimization was administered using  

Nosé-Hoover thermostat,102,103 using the command “fix 1 all nvt temp 310 310 100.0”, 

which means an NVT(canonical) ensemble, where a constant temperature of 310 K was 

maintained while maintaining the fixed volume with a damping parameter of 100 

timesteps. After velocity and temperature control, a conjugate gradient minimization 

method was applied using the command “min_style cg”, the minimization was executed 

using the command “minimize 0.0 1.0e-8 100000 200000”, where the target energy 

tolerance was 0.0 kcal/mol and the force tolerance was 1×10−8 kcal/mol/Å. The 

minimization proceeded for a maximum of 100,000 iterations, with a maximum of 

200,000 force/energy evaluations. After the minimization, 1 ns of equilibration was also 

performed with the NVT ensemble, then 15 ns of production run was performed with 

NPT ensemble. 
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3.2. LAMMPS 

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) is an 

MD simulation software developed by the US Department of Energy and other private 

sectors; it is currently managed and distributed by Sandia National Laboratory.104 It is an 

open-source software that uses classical dynamics codes to simulate all states of material, 

including solid, liquid and gas. It is capable of modelling CG, macroscopic, atomic, 

polymeric, solid-state, biological systems and various other systems using several 

forcefields and boundary conditions. It can simulate both 2d and 3d systems with a vast 

particle number range.101 It can be installed and run on personal computers, but it is 

designed for parallel computers with multiple GPU and CPU servers and distributed 

memory clusters. We performed our simulations on LAMMPS installed TRUBA(Türk 

Ulusal Bilim e-Altyapısı) HPC(High-Performance Computer).105 

3.3. Simulation Analysis 

The trajectories files (dcd and lammps data), obtained from MD simulation using 

LAMMPS 101 were analyzed using Visual Molecular Dynamics(VMD)106 and python 

Mdanalysis107 tool on Google Colaboratory.108 The Radius of gyration and watershell 

analysis for each frame were done using VMD and hydrogen bonding analysis was 

performed using pro version of Google Colab. 

3.3.1. Radius of Gyration (Rg) 

The radius of gyration (Rg) is the spatial arrangement of the polymer atoms around 

it center of mass. To understand of the compactness and molecular size of the PEG and 

POEGMA structures comprehensively, we analyzed the Rg data for all the PEG and 

POEGMA -mers . It provides details about the conformation of the polymer during the 

simulation. Rg is calculated as the root mean square distance of the atoms of the PEG and 

POEGMA chains from its center of mass. Rg in VMD is calculated using ‘measure rgyr’ 

command. This is defined as the following equation: 
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Where m and r are the position of the ith atom and R is center of mass position of 

the total number of polymer chain.  To calculate the Rg, first the LAMMPS data file and 

dcd trajectory was loaded in the VMD, then a TCL script was ran using TK-console to 

get the radius of gyration for each frame of the simulation. In this script first the polymer 

atoms were selected based on the type of the atoms, then the Rg was calculated using the 

squared root-mean distance of each atom and the polymer’s center of mass. This returned 

text file containing the radius of gyration for each frame of the simulation in Ångströms, 

which was used to study the conformation change of the polymer in aqueous environment. 

The results were analyzed using Kaleidagraph  software,109 the Tcl script is provided in 

Appendix A. 

3.3.2. Watershell Analysis 

In order to analyze the hydration behaviour of the polymer, a Tcl script in VMD 

was used to calculate the number of water molecules within 5.0 Å distance of the polymer 

molecule for every frame throughout the simulation.  The script first defined the polymer 

and water molecules based on their atom types, then the unique number of water 

molecules within the cutoff distance for each frame were added to a text file. This data 

was to analyze the change of watershell and how it can be related to the conformation of 

the polymer using Kaleidagraph data analysis software,109 the full Tcl script is provided 

in Appendix B. 

3.3.3. Hydrogen-Bond Analysis 

Hydrogen bonding is electrostatic interaction between hydrogen donor (which in 

our case is water hydrogen) and hydrogen acceptor (which in our case is the oxygen atom 

of the polymer). It plays a critical role in stabilizing the polymer structure, it is usually 

defined by the distance between the donor and acceptor atoms which is generally 3.5 Å 
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and the angle donor-hydrogen and acceptor which was greater than 135 degrees as shown 

in Figure 4.7.110 

 

Figure 3.3 H-bond schematic showing the cutoff distance and angle 

H-bonds between water and the polymer are vital in understanding the hydration 

dynamics and it also plays major role in the solubility of the polymer. The H-bond 

analysis was performed using MDAnalysis library107 in Python on Google Colab 

platform. The trajectory files were uploaded to Google Drive, and the Colab was accessed 

to the folders containing simulation data. A Python script was used to perform the 

analysis, In the script, the water donor hydrogen atoms and polymer acceptor Oxygen 

atoms were selected based on their atom type, the cutoff distance of 3.5 Å and cutoff 

angle of 135 degrees were designated; the analysis were then performed for each frame 

of the trajectory. This gave a csv file containing the frame numbers, donor Hydrogens’ 

indices, acceptor Oxygens’ indices, donor-acceptor distances and angles for all H-bonds. 

Kaleidagraph software was used to analyze the data,109 the full Python script is provided 

in Appendix C. 
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CHAPTER 4  

RESULTS AND DISCUSSION 

In this chapter the findings of MD simulations are presented, and the data 

collected for Rg, watershell and H-bond analysis of both PEG and POEGMA are 

provided. The findings are discussed in the context of how all are related to each other 

and the polymer conformation. 

4.1. Radius of Gyration (Rg) 

The radius of gyration graph in Figure 4.1 shows the time evolution of the Rg from 

the center of mass of PEG20 in blue and PEG40 in red color.                                                       

The Rg of PEG20 has the lowest value of 6.72 Å at the start of the simulation and the 

highest value of 15.55 Å around the 800th frame, which is around 12 ns. The mean PEG20 

Rg throughout the simulation is 9.73 Å, while the standard deviation from the mean is 

1.61 Å , which means that for most of the simulation, the Rg is stable. The structure of 

PEG20 at the start is compact after the initial relaxation and it remains around the lowest 

value for around the first 100 frames which is until 1.5 ns, and then the structure starts to 

expand and Rg increases to around 14 Å around 2.25 ns, then the structure stabilizes the 

most part of the simulation with the occasional peaks and valleys in the value, and only 

goes three times near the lowest value at around 500th and 750th frame. The changes 

throughout the simulation can be attributed to the change in the helical random coil 

structure.  

The Rg of PEG40 unlike PEG20 increases steadily from 9.7 Å in the first frame 

to its largest value of 22.47 Å at around 325th frame which is around 4.88 ns into the 

simulation, then it drops to the mean value which is 13.41 Å at around 450th frame which 

is around 6.75 ns, around that value it comparatively it oscillates, with on major drop at 

around 700th frame which is around 10.5 ns into the simulation.  The standard deviation 

of Rg throughout the simulation from the mean value is 2.81 Å, which is about 60% more 

than the PEG20.  Even though for some part of the simulation, the Rg variations are 
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comparable, but overall the Rg values of PEG40 are far more volatile when compared to 

PEG20. 

 

 

The box plot of Rg of both PEG molecules in Figure 4.2 shows that the distribution 

of PEG20 Rg is more compact, shown by the smaller box size, while the PEG40 dispersed 

Rg distribution is shown by the bigger box size. PEG40 has a right-skewed distribution as 

the median value is closer to the first quartile, while PEG20 has a normal distribution as 

the median is in the middle of the box. Moreover, there are few outliers in both 

distributions. 

Figure 4.1 PEG20 and PEG40 Radius of Gyration. 
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The radius of gyration plot given in Figure 4.3 shows the time evolution of 

distance from the center of mass of POEGMA4, POEGMA8, POEGMA12, POEGMA16 

and POEGMA20 to the outermost polymer atoms in the system. These values provide an 

insight into the conformation of all polymers as the simulation progresses, which can be 

useful in indicating the conformation behaviour like its compactness and extendedness or 

folding of the polymer. 

The Rg values POEGMA4 does not show that much fluctuation compared to 

PEG20 (which has same number of EG repeating units). The initial value at frame zero 

was 13.10 Å, the highest Rg value was 14.03 Å while the lowest was 12.88 Å, and the 

mean Rg value throughout the simulation was 13.46  Å with a standard deviation of 0.181 

Å. The Rg values of POEGMA8 also follows the similar trend and it does not fluctuate 

much from the initial. The mean Rg value is around 15.78 Å and as the minimum value 

of the entire 15 ns run is 14.11 Å and the maximum Rg value is 16.12 Å with a standard 

variation of around 0.143 Å from the mean value of the whole distribution. POEGMA12 

has the mean Rg value of 17.81 Å with the minimum and maximum values of 16.12 Å 

and 18.19 Å, respectively. The standard of deviation for the entire distribution is around 

0.146 Å from the mean value. For POEGMA16, the Rg value is stable like the others, it 

has the mean value of 20.03 Å with the standard deviation of 0.135 Å, which means the 

within 0.27 Å, lies around 68% of Rg values. Lastly, the mean Rg of POEGMA20 is 22.50 

Å with a standard deviation of 0.19 Å, and minimum and maximum values of 21.06 Å 

and 23.34 Å. 

 

Figure 4.2 Rg distribution box plot of PEG20 and PEG40 
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The Rg analysis shows that even though PEG20 has a lower mean Rg value than 

POEGMA4, which has an equal number of EG monomers, POEGMA is much more 

stable with comparatively far less standard deviation, 1.61 Å for PEG20 compared to 0.18 

Å for POEGMA4. The difference is much more pronounced in PEG40, and the Rg value 

is much more erratic compared to its POEGMA counter parts, with mean value of 13.41 

Å but with a standard deviation of around 2.81 Å. On the other hand, even though the 

POEGMA8 has a larger mean value of 15.78 Å, but it is again much more stable, where 

the standard deviation is only 0.143. Even when compared with the POEGMA20, which 

has a standard deviation of around 0.27 Å, PEGs’ has much more unstable Rg distribution 

while POEGMA has a more stable profile.  Moreover, the change of Rg values for 

POEGMA is much more even and at a gradient as the chain size is increased, as when 

chain number are doubled from 4 to 8, the mean Rg value only changes by only 2.32 Å, 

Figure 4.3 POEGMA -4, -8, -12, -16 and -20mers radius of gyration 
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while for PEG, the when for the difference between Rg values of PEG20 and 40 is around 

3.78 Å.  

4.2. Watershell Analysis 

The hydration behaviour of the polymer were analyzed by calculating the number 

of water molecule around the polymer chain. A cutoff radius of 5.0 Å was selected for 

the watershell calculation and the number of unique water molecules using the residue id 

of the fragments, the plot of the number of water molecules (N(H2O)) surrounding for 

the whole polymer within the cutoff distance for both PEG20 and PEG40 can be seen in 

Figure 4.4. 

According to the results in Figure 4.4, the mean N(H2O) in the water shell 

surrounding the PEG20 polymer is 244.9 in each frame, with a standard deviation of 20.06 

from the mean value. The lowest value was at the start of the simulation, where the H20 

count was around 93, whereas the highest value was 293, which was around 800th frame.  

On the other hand, PEG40 has the lowest N(H2O) molecules value at the start(154) to its 

highest value (542) at around 500th frame which is 7.5 ns. The average N(H2O) in the 

watershell is around 418.6 in each frame with each standard deviation value of 50.13 

water molecules from the mean. The watershell count around PEG20 compared to PEG40 

is more stable. This fluctuating behavior in PEG40 watershell count coincides with Rg 

change through the course of the simulation. 
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The watershell analysis graph of Figure 4.5 shows that POEGMA oligomers 

behave differently compared to PEG, the N(H2O) in watershell is much more stable. For 

the POEGMA polymers the mean N(H2O) within 5 Å distance of the polymer, in each 

frame throughout the simulation are 388.76, 741.05, 1106.5, 1448.1, and 1796.3 for the 

4-, 8-, 12-, 16- and 20-mer POEGMA, respectively. From the watershell analysis graphs 

of individual POEGMA -mers in Appendix B, it can be seen that small trends in the data, 

similar to POEGMA4, 8-mers POEGMA has compact distribution of N(H2O) molecules 

around the mean value without sharp fluctuations because in both cases the backbone are 

not long, therefore the side chains are not crowded, as a result even at the solvent 

accessible surface area does not change significantly enough. 

Figure 4.4 PEG20 and PEG40 watershell analysis 
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 In the cases of POEGMA12, N(H2O) increases gradually till 200th frame, the 

average changing from 1090 to 1120, for 16-mer system, the N(H2O) in the watershell 

shows a very gradual increase from the start till the end and the 20-mer  close analysis of 

watershell graph also shows an upward trend, the trend is much more steeper the 20-mer 

compared to increase in the 12- and 16-mer. This can be attributed to the hydration of the 

sidechain as the backbone curls and the polymer shape changes from comb to globular 

conformation as a result the sidechains which are in a closely packed at the start of the 

simulation spreads out as the backbone rolls up while spreading the side chains. The 

individual watershell analysis graphs for all polymer chains are in Appendix C. 

4.3. Hydrogen Bonding Analysis 

 H-bonds between water and the polymer are vital in understanding the hydration 

dynamics. The water donor hydrogen atoms and polymer acceptor Oxygen atoms were 

Figure 4.5 All POEGMA watershell analysis comparison 
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selected based on their atom type, the cutoff distance of 3.5 Å and cutoff angle of 135 

degrees were designated. 

In Figure 4.6, the left panel shows the hydrogen bond count per frame through the 

simulation of PEG20- and 40-mer chains in water system at 310 K. Both PEG chains 

show a consistent and H-bond per frame, the mean count per frame of the whole 

simulation for PEG20 is around 26.12 H-bonds with standard deviation of 2.98, while 

PEG40 has 50.1 H-bonds with standard deviation of 4.6, which is almost double of the 

PEG20 showing a direct relation between the chain length and the H-bond count. 

 

 

The right panel of Figure 4.6 shows the number of hydrogen bonds involving each 

oxygen atom in the PEG chains. The plot shows that the oxygen atoms in the first and last 

monomeric units of the polymer are much more involved in the H-bond network around 

the polymer, which is understandable considering both are hydroxyl ends. For PEG40, a 

notable decrease in the hydrogen bond (H-bond) count is observed for oxygen atoms of 

monomeric units near the central region, particularly around the oxygen atom of 22nd 

monomeric unit. This phenomenon may be attributed to the fact that this oxygen atom is 

located at the center of a random coil structure, where it is less accessible water molecules 

for H-bond formation compared to oxygen atoms of the terminal monomer units of the 

chain. The central region of the coil is likely to experience greater steric constraints and 

reduced conformational flexibility, thereby limiting its participation in H-bonding 

Figure 4.6  (Left) Hbond count of PEGs for each frame. (Right) PEG20, and 

PEG40 H-bond distribution for each oxygen in the polymer 
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interactions relative to other oxygen atoms along the polymer backbone. The stability in 

the H-bond count for both PEG20 and 40 chains confirms its ability to maintain hydration 

level around the polymer, giving the molecule or drug attached to it a layer of protection 

against the surrounding environment, which is vital for biomaterial applications.  

PEG chains exhibited a consistent and relatively high H-bond count per frame, 

reflecting the strong hydrogen-bonding capability of their ether oxygen atoms. The linear 

structure of PEG allows for efficient hydration, with water molecules forming stable 

hydrogen bonds along the polymer backbone. 

The H-bond count per frame was also analyzed for POEGMA chains of 4-, 8-, 12-

, 16-, and 20-mer with 5-OEG long side chains. The results are shown in Figure 4.7. It 

shows that the H-bond count per frame increases with an increase in the length of the 

polymer chains. As the number of OEG side chains is increased, there are more ethylene 

glycol units (hence -O-in the ether bond) available for H-bonding. For example, the mean 

H-bond count for POEGMA4 in each frame is around 20 while for POEGMA20 it is 

around 90 H-bonds per frame. The POEGMA 4 and 6 H-bond counts were comparatively 

stable through the entire simulation, but -12, -16 and -20mers POEGMA showed more 

variation over course of 15 ns simulation, this can be either due to the chain conformation 

not reaching stability or can be due to dynamic hydration of hydrophobic methacrylate 

backbone. The individual graphs for each polymer chain are given in Appendix C. 

 Figure 4.7 H-bond count for each frame for all POEGMA –mers. 
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In order to gain a better understanding of the hydration behaviour, a deeper look 

at the H-bond of each oxygen atom was taken and the results are provided in Figure 4.8. 

The first part of the graph comprising of graph in between two peaks in the hydrogen 

bond count gives us H-bond count for the oxygen atoms in the ester groups near backbone 

of POEGMA, while the latter portion of the data comprising of many smaller peaks 

describe the H-bond count of ethylene glycol sidechains. 

 

Figure 4.8 Number of H-bonds for each oxygen atom for the whole simulation 

Figure 4.9 consists of five separate graphs for each of POEGMA -4, -8, -12, -16 

and -20mers. In all graphs, it can be clearly seen that the oxygen atoms of ester group at 

the last monomeric units at both end of the polymeric chain forms the largest number of 

H-bonds, while the ester oxygen atoms in the middle of the backbone forms the least 

number of H-bonds throughout the simulation; the number progressively decreases 

toward the center from either side. This behavior can be due to the greater hydration level 

of the polymer termini, being at the ends of the POEGMA, these oxygen atoms are less 

packed and, therefore, more exposed to the surrounding water molecules, hence 

increasing their chance of making hydrogen bonds. On the other hand, the middle oxygen 

atoms are more packed together by the side chains and localized within the hydrophobic 
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core of the methacrylate backbone reducing their accessibility by water molecules, as a 

result their ability to form H-bonds with water molecules is decreased. 

The graphs in Figure 4.9 also show a distinct behavior of the OEG side chain 

oxygen atoms. In the second part of graphs, it can be observed that the number of small 

peaks equal to the number of the OEG side chains and the terminal OEG side chain 

oxygen atoms are responsible for peak H-bond counts on all the branches. This is mainly 

due to the locations of the acceptor atoms, allowing them to interact freely with water 

molecules with less steric hindrance. This high H-bond count shows their role in 

hydration shell stabilization around the polymer. The H-bond counts decrease for the 

oxygen atoms that are closer to the backbone. This change is mainly due to the growing 

steric hindrance and the reduced water molecule accessibility.  
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Figure 4.9 H-bond count distribution for -4, -8, -12, -16 and -20mers POEGMA 

Oxygen atoms 
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Figure 4.6 for PEG20 and 40 shows H-bond counts for each oxygen atom, where 

the terminus oxygen atoms have higher H-bond counts due to reduced hindrance and 

increased accessibility to hydration shell. On the other hand, for central ethylene glycol 

units of PEG chains, similar to POEGMA chains H-bond counts were reduced mainly 

due to increased hindrance and reduced water molecule accessibility.  

For both PEG20 and PEG40 the H-bond behavior aligns with the radius of 

gyration and the watershell analysis of the respective chain. The stability of H-bond 

counts for PEG polymer chains shows its ability to maintain its hydration level. For 

PEG20 we can see in Figure 4.11 that the Rg is comparatively stable compared to PEG40 

even though the value is changing. When it is compared to the watershell analysis graph 

there is similar trends, and this pattern further aligns with H-bond analysis, where the 

small changes align with the change in N(H2O) in the watershell, which is further 

supported by the Rg distribution. Moreover, for PEG40, the peaks and valleys in both Rg 

and watershell analysis are similar, which is further translated in H-bond analysis but a 

little less pronounced. 

 

 

Figure 4.10 PEG20 and PEG40 Rg analysis (top left), Watershell analysis (top 

right) and H-bond analysis (bottom) graphs 
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For POEGMA, the H-bond count distribution also aligns with Rg analysis. The Rg 

values of POEGMA chains indicate that they form a packed conformation with the 

hydrophilic OEG side chains spreading out and shielding the methacrylate hydrophobic 

core from the solvents molecules. In the larger POEGMA polymers, it is observed that 

the polymer is curling up with the backbone in the center forming almost globular chain, 

as a result acceptor oxygen atoms of monomeric units in center of the polymer are less 

hydrated while the oxygen atoms in the terminal monomeric units are more exposed to 

the hydration shell to interact. Furthermore, ester oxygen atoms in both terminal 

monomeric units near ends of the backbone and the oxygen atoms at last ethylene units 

of the side chains have high H-bond count, suggesting that these regions are significant 

for the stability of the watershell around the polymer. On the other hand, the low H-bond 

count of oxygen atom near the hydrophobic core indicated a lower hydration level of 

those regions. These characteristics align with the compact conformation of all POEGMA 

chains indicated by its Rg values. The snapshots of MD simulation are given in Appendix 

B.  

The observed behaviour of POEGMA form Rg, watershell and H-bond analysis 

shows that it has the capability to form gradient of H-bonds with side chains well hydrated 

compared to its backbone, which gives control of its hydration properties. Furthermore, 

high H-bonding ability of oxygen atoms located at the side chain end ensures a stable 

watershell evident from the watershell analysis, which is necessary for non-fouling 

characteristics and preventing non-specific adsorption while enhancing biocompatibility 

of pharmaceutical products. Furthermore, the hydrophobic backbone with far less 

hydration and H-bond count of core oxygen gives it structural stability. 
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CHAPTER 5  

CONCLUSIONS AND RECOMMENDATIONS 

This section covers the study's overview and conclusion, as well as its limits, 

suggestions, and future directions. 

5.1. Conclusions 

This research aimed to investigate and compare the interactions of PEG and 

POEGMA with water using MD simulations. The study started by creating molecular 

models for single polymers, i.e. PEG having 20- and 40-repeating units and POEGMA of 

4-, 8-, 12-, 16- and 20- repeating units solvated in cubic water boxes were made using 

CHARMM GUI95 and Avogadro96. TRUBA111 high-performance computing platform 

was used to perform MD simulations using LAMMPS software101. The subsequent 

simulation results in form dcd trajectories were reorganized and analyzed using VMD106 

and MDAnalysis107. Three key properties, such as the radius of gyration (Rg), watershell, 

and hydrogen bond (H-bond) analysis, were performed to compare how the two polymers 

interact with water.  

Rg values of PEG were lower but less reflecting its ability to form compact and 

flexible helical random coil structures in aqueous environment. In contrast, Rg values  for 

shorter POEGMA chains were slightly higher, due to its short hydrophilic chains and 

hydrophobic backbone, while as the length of the polymer chain grew, the change in Rg 

values was small as the longer chains started to form a globular structure. Watershell 

analysis showed that N(H2O) around the PEG was not stable mainly due to the unstable 

conformation, while POEGMA showed more stable and higher N(H2O) in the watershell 

which was mainly due to its expanded and well hydrated side chains. PEG exhibited 

higher H-bond counts, and its terminal oxygen atoms forming the most number of H-

bonds through the entire simulation while the oxygen atom at the center of the polymer 

contributed the least. On the other hand, for POEGMA, the H-bond counts were slightly 

lower compared to equivalent PEG polymers. Among all oxygen atoms in the polymer, 

the oxygen atom of ester group of the terminal monomeric unit end form the highest 
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number of H-bonds while among the oxygen atoms of the central units’ ester groups 

contribute the least. The oxygen H-bond counts also decrease as we move from the end 

of the side chains toward the backbone.     

In short, the hydrophilic nature of PEG results in compact random coil 

conformation with helical regions, with slightly less stable watershell but high H-bond 

counts. On the other hand POEGMA exhibits more tunable behavior, i.e. Rg values, water 

shell and H-bonds are stable and changing on a gradient with polymer’s chain length, 

making it ideal for applications requiring controlled interactions with water. 

5.2. Recommendations and Future Directions 

Future studies could perform simulations which have PEG of longer chain lengths. 

Moreover, simulations with longer production can also be performed ensuring, proper 

stabilization of longer polymer chains. The effect of side chain length and architecture on 

the properties of POEGMA can also be investigated. Furthermore, there can be 

comparison of interaction of PEG and POEGMA with different protein or phospholipid 

bilayer systems. In addition to these, there can be experimental results to compliment the 

simulation results. 
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Appendix A.  

 

GRAPHS OF RADIUS OF GYRATION ANALYSIS 

RADIUS OF GYRATION ANALYSIS, TCL script 

# Define the polymer selection based on atom names or types 

set molid [molinfo top]    ; # Get the molecule ID 

set polymer_sel [atomselect $molid "name or type of polymer atoms"]    

# Open a file to save the radius of gyration for each frame 

set output_file [open "radius_of_gyrationeq.dat" w] 

puts $output_file " # Frame Radius_of_Gyration (Å)" 

# Loop over all frames in the trajectory 

set nframes [molinfo $molid get numframes] 

for {set i 0} {$i < $nframes} {incr i} { 

    # Update the selection to the current frame 

    $polymer_sel frame $i 

    $polymer_sel update 

    # Calculate the radius of gyration 

    set Rg [measure rgyr $polymer_sel]  ; # Get the radius of gyration 

    # Check if Rg is valid 

    if {$Rg != ""} { 

        # Save the frame and radius of gyration to the output file 

        puts $output_file "$i $Rg" 

    } else { 

        puts "Warning: Invalid selection or error in calculating Rg at frame $i."} }  

# Close the output file 

close $output_file 

 

 

Figure A.1 PEG20(left) and PEG40(Right) radius of gyration 
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Figure A.2 All POEGMA Rg distribution plot 

 

 

 

 



63 

 

Appendix B.  

 

GRAPHS OF WATERSHELL ANALYSIS 

Watershell Analysis TCL Script 

  

# Set the cutoff distance for considering water molecules around the polymer 

set cutoff 5.0 

# Define the polymer and water atom types 

    set polymer_atoms [atomselect top "type polymer atom types"] 

    set water_atoms [atomselect top "type water atom types"] 

# Write output file 

set output_file [open "wshellpeg20.dat" w] 

# Get the total number of frames in the trajectory 

set num_frames [molinfo top get numframes] 

# Loop over all frames in the trajectory 

for {set frame 0} {$frame < $num_frames} {incr frame} { 

    # Update the frame 

    animate goto $frame 

    # Find water molecules within the cutoff distance of the polymer 

    set water_within_cutoff [atomselect top "type $water_types and within $cutoff of type 

$polymer_types"] 

    # Count the number of unique water molecules within the cutoff distance 

    set num_water [llength [lsort -unique [$water_within_cutoff get residue]]] 

    # Print the results for the current frame 

    puts $output_file "$frame $num_water" 

 # Clean up selections 

    $polymer_atoms delete 

    $water_atoms delete 

    $water_within_cutoff delete 

} 

# Close the output file 

close $output_file 
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Figure B.1 PEG20(left) and PEG40(right) watershell N(H2O) plot for each frame 
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Figure B.2 POEGMA -4, -8, -12, -16 and -20mers watershell N(H2O) 
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Figure B.3 POEGMA-4 snapshots at different stages of simulation run 

 

 

 



67 

 

 

 

Figure B.4 POEGMA-8 Snapshots at different stages of simulation run 
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Figure B.5 POEGMA-12 snapshots at different stages of simulation run 
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Figure B.6 POEGMA-16 Snapshots at different stages of simulation run 
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Figure B.7 POEGMA-20 snapshots at different stages of simulation run 

 

 

 



71 

 

Appendix C.  

 

GRAPHS OF HYDROGEN BOND ANALYSIS 

PYTHON script to calculate H-bond count using MDAnalysis 

!pip install mdanalysis 

import MDAnalysis 

from MDAnalysis.analysis.hydrogenbonds.Hbond_analysis import 

HydrogenBondAnalysis as HBA 

H-bonds = HBA(u, hydrogens_sel=" water hydrogen atom type ", 

             acceptors_sel=" Polymer Oxygen atom types", d_a_cutoff=3.5, 

             d_h_a_angle_cutoff=135.0) 

results = hbonds.run() 

hbondinfo=results.hbonds 

hbondinfo.shape 

frames=hbondinfo[:,0] 

donors=hbondinfo[:,1] 

hydrogens=hbondinfo[:,2] 

acceptors=hbondinfo[:,3] 

#prints out the frameID, donor, hydrogen and acceptor information for each frame and 

pair (real numbers, not zero-based). 

for i in range(frames.shape[0]): 

print(frames[i]+1,donors[i]+1,hydrogens[i]+1,acceptors[i]+1,distances[i],angles[i) 

import csv 

with open('hbpeg20.csv', 'w', newline='') as csvfile: # to Open file write mode ('w') 

  writer = csv.writer(csvfile) # Create a CSV writer object 

  writer.writerow(['Frame', 'Donor', 'Hydrogen', 'Acceptor', 'Distance', 'Angle']) 

  # Iterate through the data and write each row 

  for i in range(frames.shape[0]): 

   writer.writerow([frames[i]+1, donors[i]+1, hydrogens[i]+1, acceptors[i]+1, 

distances[i], angles[i]]) 

print("Data saved to hbond_data_peg20.csv") 
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Figure C.1 PEG20 and PEG40 H-bond count distribution for each frame 
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Figure C.2 POEGMA -4, -8, -12, -15 and -20mers H-bond count distribution 

 

 


