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Abstract

Chitin and chitosan (de-acetylated chitin) biopolymers, derived mainly from langous-
tine shell waste, are excellent candidates for novel antimicrobial applications. Despite
the large body of literature concerning chitosan, there is a need for further characteri-
sation of chitosan dynamics at aqueous interfaces to aid the design of novel composite
materials.

In this thesis, fully atomistic molecular dynamics simulations have been developed
to study chitin and chitosan oligomer interactions with -chitin and silica surfaces
using umbrella sampling. The free energy curves yield binding energies of -2.1 and
-0.33 kcal mol * per monomer for chitin and uncharged chitosan oligomers on chitin,
and -0.6 kcal mol ! per monomer for a charged chitosan oligomer on silica at pH 5.
This means that the adsorbed chitosan oligomers are mobile on both surfaces. It is
found that chitin and chitosan binding to the chitin surface is driven by hydrogen
bonding, where the strength for chitosan is reduced by its lack of the acetyl group.
In contrast, charged chitosan binding to silica is dominated by electrostatics, with
the loading capacity of 0.094 mg m 2 re ecting charge compensation. This can be
controlled by the choice of ionic solution, which has technological implications. Lastly,
the interaction of chitosan with a complex model gram negative bacterial membrane was
studied to further understanding of chitosan’s antimicrobial activity. It was found that
chitosan only weakly interacts with the lipopolysaccharides that form the outermost
layer of the E. coli cell envelope, while readily adsorbing to the inner membrane. This is
a novel nding, as most of the current research focuses on chitosan interaction with the
inner membrane, neglecting to explain chitosan di usion through the outer membrane.

The ndings presented in this thesis can be used to guide the experimental de-
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sign of chitosan-coated silica nanoparticles and chitosan-chitin composite materials for

applications such as drug delivery or additives for biopolymer food packaging.
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Chapter 1

Introduction and Background

1.1 Introduction

Chitosan is a biodegradable and biocompatible polymer obtained from chitin. Chitin is
the second most abundant polymer found in nature, after cellulose[3]. It is the building
block of the exoskeletons of crustaceans and insects. Despite being a renewable and
readily available biopolymer, the main drawback of chitin is its insolubility in agueous
solvents, thus making it di cult to process using green chemistry. On the other hand,
chitosan, which is derived from chitin via deacetylation is soluble in weak aqueous acids.
Chitosan has many desirable properties such as antimicrobial activity[4], biodegrada-
bility[5] and biocompatibility[6], which has led to great interest in using chitosan for
many applications ranging from biomedical[7] to food packaging[8]. Despite this great
interest in chitosan evidenced by a large body of literature on chitosan published to
date, there remains a need for fundamental characterisation of chitosan and its in-
teraction at the interface with other materials to enable the rational design of novel
chitosan composite materials. Rational design of new materials refers to the approach
where the design process is informed by the knowledge of the fundamental material
properties to predict new material properties before they are experimentally created,
thus reducing the need for the trial and error-based approach. Chitosan composites
can improve the mechanical and barrier properties of materials and impart functional-

ity such as decreased cytotoxicity for targeted drug delivery or imparting antimicrobial
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properties[9].

1.2 Thesis aims

This thesis aims to model the chitosan interaction with chitin nanocrystal and silica
nanoparticle (SiNP) surfaces to aid the rational design of chitosan composite materials
for antimicrobial applications using molecular dynamics (MD) simulations. To further
study chitosan's antimicrobial properties, its interaction with di erent model bacterial

membranes has also been investigated. The objectives are:

To provide a comprehensive understanding of the current state of the literature
regarding chitosan and its composites, with emphasis on the current gaps in the

fundamental research.

To provide the theoretical background on MD simulations and a detailed method-

ology.

To study aqueous chitosan interfaces with an -chitin nanocrystal ( -chNC) and
a silica surface, including adsorption processes and free energies of adsorption,

which can be used for the rational design of new chitosan composite materials.

To investigate chitosan interactions with a realistic bacterial membrane model to
study the mechanism of chitosan's antimicrobial activity, which is still an open

guestion within the literature.

To address these objectives, this chapter will rst address the history of chitosan
research to frame the current state of the study within the historical context and
explain the current challenges the eld faces. Next, the physicochemical properties of
chitin and chitosan will be described in detail. Lastly, a comprehensive overview of
the available chitosan-based nanoparticles and materials will be given with particular
emphasis on the chitosan composite materials and their advantages. This will reveal the
need for a better fundamental understanding of chitosan's behaviour at the interfaces

and the role this fundamental understanding has in the rational design of new materials.
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The rational design of materials is especially important in today's age of transition
to more sustainable practices. Computational simulations can reduce the number of
experiments necessary for the design of new materials and they can be used to optimise

the ratios and amounts of compounds used to prevent wastage.

1.3 Historical Background

Research into chitin and chitosan dates back more than 200 years, so it is important
to brie y introduce the historical context to gain a wider perspective on the state of
research today.

The rst mention of chitin in crustaceans dates to 1799 when English chemist
Charles Hatchett reported "material particularly resistant to usual chemical” in the
cuticle. However, the discovery of chitin is attributed to Braconnot in 1811 who found
chitin in funghi[10]. The discovery of chitosan, the derivative of chitin dates to 1859
and the work of Charles Rouget, the name chitosan however, was introduced by Felix
Hoppe-Seyler in 1894[11].

During the initial period of chitin research (1894-1930) the main focus was on the
occurrence of chitin in living organisms. During this time, the lack of systematic nomen-
clature for polysaccharides and lack of certainty of structure led to often contradictory
results[12]. By the 1950s X-Ray analysis became more reliable for di erentiating be-
tween di erent polysaccharide structures. Chitosan Ims and bres were rst patented
in 1937. During this time, natural bre industries were developing and the rst uses of
chitin and chitosan in textile[13], paper making[14], photography[15] and adhesive[16]
industries were reported. Despite this progress in research, there was little use of chitin
and chitosan until the 1970s when interest in these materials was renewed[17] based on
the need to better manage seafood waste. During this time, regulations that restricted
the disposal of untreated shell sh waste into the sea were introduced, which prompted
manufacturers to consider producing chitin and chitosan. Chitosan was rst industri-
ally produced in Japan in 1971[18]. This enabled various products and patents to be

developed and many scienti ¢ journals and books to be published.



Chapter 1. Introduction and Background

1.4 Physiochemical properties

Chitosan is a copolymer of linear 1{4 linked -deoxy-glucosamine and -acetyl-deoxy-
glucosamine monomers. The polymer consisting of mainly 1{4 linked acetyl-glucosamine
monomers is called chitin. The degree of deacetylation (DA) is often used to describe
the amount of beta-glucosamine monomers in chitosan. DA is de ned as a ratio of
beta-glucosamine monomers to the total number of monomers. In general, a copoly-
mer with the DA <50 % can be classi ed as chitin, while a polymer with DA >50 %

is classi ed as chitosan. From this, we can see that the term chitosan describes a wide
range of possible polymers so some authors use the term chitosans instead of singular
chitosan.

Figure 1.1 shows the chemical structure of chitin and chitosan monomers. The
monomers are similar to cellulose with the only di erence being the presence of acetyl-
amino (chitin) or amino (chitosan) functional groups at the C2 atom. The chitin
monomers have neutral charge, while the amino group of the chitosan monomers can
be protonated. Thus depending on the pH of the solution each chitosan monomer can

have either neutral or +1 charge.

Figure 1.1: The molecular structure of chitin (a) and chitosan (b) polymers. The red
circles indicate acetyl-amino (in a) and amino (b) functional groups. Hydrogens are
omitted for clarity.

Chitin and chitosan chains have a helical structure along the bre axis (along the
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chain, which is characteristic of 1{4 linked polysaccharides. The rotation along the
chain is characterised by dihedral angles (0O5-C1-0O4-C4') and (C1-O4'-C4'-C3") di-
hedral angles, where ' denotes atom in the subsequent monomer. Chitin and anhydrous
chitosan chains form a 2-fold helix with aP 2; symmetry along the bre axis.

Hydrated chitosan can adopt multiple helical structures: relaxed 2-fold, 4/1 and
5/3 helix. The most common is relaxed 2-fold helix that, despite the similar name to
the 2-fold helix, looks very dierent. In a relaxed 2-fold helix the repeating unit is
4-monomers long, while in the 2-fold helix, the repeating unit is two.

Due to its neutral charge and strong intra- and inter-molecular hydrogen bonding,
chitin is insoluble in aqueous solvents. On the other hand, chitosan, which has an
intrinsic pKa around 6.5[19], becomes soluble in an aqueous acidic medium with pH
<6.4 when the average DA is 50 % or higher. The most commonly used acid for the
dissolution of chitosan is acetic acid, but hydrochloric and lactic acids are also used.
The behaviour of chitosan in solution depends on the molecular weight My ) and
distribution of acetyl groups along the chain. Block acetyl distribution can lead to
aggregation, due to the hydrophobicity of the acetyl group.

Glucosamine monomers in solution will be in both protonated and de-protonated
states. The pH can be determined by considering the extended Henderson-Hasselbalch

equation:

pH = pK - nlog1 c (1.1)
C

wherepK ;- is the apparent dissociation constant evaluated when 50% of the amino
groups in the sample are ionisedn the empirically determined parameter related to
the random movement of macromolecule and the free energy change.c is de ned
as ¢=[NHZ]=([NH;]1+[NH2p1]). [NH3] and [NH 4] are the concentrations of
ionised and potentially ionisable amino groups respectively.

The ionic strength of the solution is known to a ect the ability of chitosan and
chitin to form nanoparticles and gels in solution. Chitosan gels obtained under a
higher concentration of KCI have been found to possess weaker mechanical properties,

i.e. reduced shear modulus, reduced persistence length and decreased solubility[20].
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1.5 Chitin in nature

Figure 1.2: Multiscale structures of chitin in nature. Obtained from [1] under CC BY-
NC 4.0 licence.

The main source of chitin are exoskeletons of various land and marine crustaceans,
mainly crab and shrimp. These shells consist of a complex network of chitin and
proteins with calcium carbonate deposits, which form the rigid shell. Chitin can also
be found in the cell walls of certain fungi. Typically, chitin content in the cuticles of
crustaceans is higher than that of land insects. In cuticles, chitin forms long bres
consisting of crystalline and amorphous regions. Proteins wrap around the bres, and
these protein-chitin bres form larger bre structures with minerals. These structures
form bre sheets which exhibit further internal twist, as illustrated in Fig. 1.2.

Chitin has three native crystalline polymorphs: , and [3], which are shown in
Fig. 1.3. The di erence between the three forms is in the chain direction. Neighbouring
monomers are linked by the chiral glycosidic bond from Carbon C1 to Carbon C4, which
gives a distinct direction to the chain. -chitin chains are arranged antiparallel, while
they are parallel in -chitin.  -chitin has similar properties to -chitin and has two

chains in parallel, and then one antiparallel chain alternating, as can be seen in Figure
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Figure 1.3: Chitin crystal exists in 3 polymorphs: , and , which are ilustrated
here.

1.3. The most abundant and stable form of chitin is chitin, with - and - chitin
convertible into  -chitin.

-chitin is found in the cell walls of yeast and fungi, in crab tendons, and krill,
lobster and shrimp shells. The -chitin crystal is shown in Fig. 1.4. It is anisotropic
and has P2;2:2; space group, with crystal lattice parameteres a=0.474 nm, b=1.88
nm, c( bre axis)=1.032 nm[21]. The crystal structure is extended along the bre axis
(along the chain) and held together with hydrogen bonds in a structure that is layered.

Chitosan can also exist in crystaline and forms, analogous to chitin and
polymorphs. However, -chitosan is very rare, so only polymorph is further described.
The chitosan chains are arranged in the antiparallel fashion and can be found in hydrous
and anhydrous forms [22, 23]. The orthorhombic unit cell of hydrated chitosan consists
of 4 chains and 8 water molecules. The unit cell dimensions are a=8.98, b=16.97 A,
and the bre axis c=10.34 A. In the anhydrous form, chitosan also has an orthorhombic
unit cell with dimensions: a=8.28 A, b=8.62 A, and bre axis c=10.43 A. One unit cell
consists of four glucosamine residues[24]. Chitosan forms di erent crystalline structures
if ions are present[25].

Chitin and chitosan are often found in aqueous environments and they are most
commonly cast from aqueous solutions for technological applications, thus knowledge of
the properties of these polymers in aqueous environments is crucial for the development

of new applications.
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Figure 1.4: The crystal lattice of -chitin crystal.

1.6 Chitin and chitosan production

Typically, chitin is produced from shery waste consisting of crustacean shells. Chitin
extraction requires the removal of protein (deproteinisation) and calcium carbonate
(demineralisation). These steps usually also remove the lipids and pigments that are
present in small amounts. Deproteination and demineralisation can be carried out
either enzymatically or chemically. Another method is to use microbial fermentation
which carries out both processes simultaneously.

There are a wide variety of approaches to chemical deproteination, however, most
commonly NaOH is used. Demineralisation is commonly carried out using dilute hy-
drochloric acid. There are several drawbacks to using chemical extraction methods.
This process changes the DA of the chitin, and reduces its molecular weightM ),
which negatively in uences the properties of the pure chitin. Furthermore, the byprod-
ucts are harmful and this process is expensive.

Biological methods of extraction preserve chitin properties better than chemical
ones. The most common biological method is to use proteolytic enzymes for simulta-
neous deproteination and demineralisation. The enzymatic methods are less e cient
than chemical ones, so additional NaOH treatment may be used to improve chitin pu-
rity. Rinaudo provides a detailed description of the described processes and lists the
reported procedures[26].

Chitin can be converted to chitosan using chemical or enzymatic methods. Deacety-
lation can be carried out using either alkalis or acids, but the alkali method is more

prevalent as the glycosidic bond is more susceptible to the acids. The process of deacety-
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lation is usually carried out using NaOH. Depending on the exact procedure, it is pos-
sible to obtain chitosan with various DA levels. Di erent procedures will also result in
varied distributions of acetyl groups along the chains.

The disadvantages of the chemical deacetylation process are high energy consump-
tion and environmental pollution. Alternatively, enzymatic processes can be used.
Chitin deacetylase is an enzyme reported in certain fungi and insect species. Chitin
deacetylases vary depending on the species and produce various levels of DA and
M. Thus, they can be used in creating well-de ned chitosan, by using the optimal

enzyme[27].

1.7 Antimicrobial properties

One of chitosan's most desirable properties is its antimicrobial activity. The exact
mechanism behind the antimicrobial activity is still unclear[3]. Fig. 1.5 illustrates the

proposed mechanisms of chitosan's antimicrobial activity.

Figure 1.5: The proposed mechanisms of chitosan's antimicrobial action.

Chitosan oligomers may enter bacteria and disrupt DNA from functioning, as DNA

is negatively charged, while chitosan is positively charged[28]. Larger chitosan chains

10
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may bind to the negatively charged cell membrane, and cause leakage of intracellular
components[29], or an alternative suggestion is that chitosan's chelation properties
essentially starve the cells to death. Chelation is a process of molecular bonding to
metal ions. In this case, the chitosan is proposed to bond to calcium, potassium and
other essential micronutrients that bacteria require to function[30].

There are several factors that a ect chitosan's antimicrobial activity. Dierent
M, chitosan chains exhibit di erent antimicrobial activity, but there are con icting
studies in this area. Some studies report higM, chitosan displays better antimicrobial
activity than low M,, chitosan[31], while another study found better antimicrobial
activity for low M,, chitosans[32]. One study also reported antimicrobial activity for
high M, chitosan, but found low M, chitosan promotes bacterial growth[33].

Positive charge density increases chitosan's antimicrobial activity, especially against
Staphylococcus aureusAll the proposed mechanisms of chitosan's antimicrobial activity
are based on the fact that it is a polycationic molecule, while the cell wall, DNA and
other cell components are negatively charged, and thus will bind to chitosan. The charge
density is mainly dependent on the DA and the pH of the solution. A higher level of DA
means more amino groups available for protonation[34], while a lower pH level means
more of the amino groups will be protonated. While it is expected that chitosan will
have better antimicrobial properties at lower pH, there have been con icting studies
in this area as well. Sudarshanet al.[35] found that chitosan loses its antimicrobial
properties at pH 7, while a more recent study showed chitosan microspheres can exhibit
antimicrobial properties at neutral pH[36].

A limiting factor in chitosan's antimicrobial activity is its poor water solubility[37].
The antimicrobial compound usually needs water activity, as dry samples cannot easily
bind to bacteria cells. Thus, improving chitosan's solubility is expected to lead to
improvement in its antimicrobial activity and here there is potential for chitosan to be
chemically modi ed to increase its solubility.

The ionic strength of a solution and ion species also has an e ect on chitosan's
antimicrobial activity. The presence of bicationic ions (Zn®** and C&*)[36] in the

solution decreases antibacterial activity. The proposed explanation for this is that
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these bications interact competitively against chitosan when interacting with the cell
wall.

Other relevant factors include the conformational properties of the chitosan's chain,
and the form of chitosan in the application, mainly due to the available surface area.
The higher the surface area available for binding to the bacterial cell wall, the higher

the antimicrobial activity[38].

1.8 Chitosan applications

There are many proposed applications for chitosan, such as in wound dressings due to
its hemostatic abilities, food packaging and antibacterial tooth pastes. However, there
are not many applications on the market at the moment. The proposed applications of
chitosan depend on the di erent desirable properties for the particular use. Rinaudo[39]
provides a good overview of the potential applications of chitosan. In biomedical appli-
cations, these include surgical sutures, dental implants, arti cial skin, bone sca olding,
corneal contact lenses, slow drug release materials, and adjuvants for vaccines. Desir-
able characteristics of chitosan associated with these are that they are biocompatible,
biodegradable, renewable, Im-forming, non-toxic, antimicrobial, antiviral and antifun-
gal. In agriculture, potential applications include controlled time release of fertilisers,
seed coating and defensive mechanism for plants. In water treatment, chitosan is pro-
posed to be used for the removal of metal ions, removal of odours and as a occulent
to clarify water.

In food science, chitosan can be used as a dietary bre, as it is not digestible by
humans, and is a lipid binder. Chitosan has even been proposed as a weight loss
supplement. A review from 2018 concluded that the use of chitosan tablets as a dietary
supplement for up to 52 weeks led to mild body weight loss (on average -1.01 kg)[40],
which makes it a fairly ine cient weight loss supplement.

There are various potential uses for chitosan in dentistry[41]. These vary in range
from chitosan-based toothpastes and mouthwashes to drug delivery for the treatment
of infections and periodontitis. Hemostatic wound dressings are designed to actively

stop wounds from bleeding by accelerating the clotting process. They are mainly used
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by the military and emergency responders.

Another proposed application for chitosan use is in food packaging. Ideal food pack-
aging should be biodegradable, made from renewable sources and possess key structural,
chemical and functional properties. The chemical and structural requirements for the
material are that it is a barrier for small molecules, in particular oxygen, and that it
has good water transfer control.

Chitosan Ims have low oxygen permeability when dry, but under humid conditions,
they absorb water and become more oxygen permeable[42]. The mechanism of oxygen
transfer was studied at low and high humidity by McDonell et al.[43] using MD sim-
ulations. To overcome such di culties, chitosan can be used as a part of a composite
material. The advantage of using composite material is that it preserves chitosan's
functionality (bio-compatibility and antimicrobial action) while having enhanced me-
chanical properties. Chitosan-coated nanoparticles have many potential applications,
including targeted drug delivery or providing antimicrobial properties to the bulk ma-
terial where they are used as additives. Additional antimicrobial agents can be added,
which usually act synergistically with chitosan.

In this thesis, the focus will be on two chitosan composites: a chitosan-chitin
nanocrystal composite and chitosan coated silica nanoparticles, which will be further

discussed in the following two sections.

1.9 Chitin nanocrystals

Chitin nanoparticles, also known as chitin nanowhiskers or chitin nanocrystals (chNCs)
have a highly anisotropic nanorod shape. Unlike many other nanoparticles, chNCs are
produced in a top-down fashion, meaning they are obtained by cleaving amorphous
regions of chitin nano bers. Consequently, this leads to a wide range of particle size.
The width of the chNC can be in the range of 2-20 nm, while the length varies more
signi cantly from 250-500 nm. The particle size depends on the source of chitin and the
method of preparation. The most common crystalline polymorph is -chitin. Yurtsever
et al.[2] studied chNC using atomic force microscopy (AFM) and MD simulations to

study the chNC at the water interface. They focused on the characterisation of the 3D
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Figure 1.6: Atomic force microscope (AFM) images of -chitin nanocrystal structure
(a), 3D render if the same surface region and (c) corresponding dissipation data image.
Adapted from Yurtsever et al. [2] (CC-BY-NC)

local hydration structure, but did not characterise the structure of the chNCs them-
selves. Figure 1.6 shows the obtained AFM images of chNCs. ChNCs are insoluble
in water due to their strong intramolecular hydrogen bonding. MD calculations [44]
shows the binding energy of 8kcal mol ! per dimer. This is a slightly higher value
than for cellulose crystals[45].

ChNCs have a variety of proposed applications in various elds and is most com-
monly reported as part of a composite system. In proposed biomedical applications,
chNCs can be used as a part of a targeted drug delivery system[46, 47, 48], as a scaf-
fold for tissue engineering[49, 50, 51] and in wound dressings[52, 53, 54, 55]. In water
treatment, chNCs are used as adsorbents for heavy metals and dyes, often in combi-
nation with chitosan[56, 57] and as additives in ltration membranes[58, 59, 60]. In
the food industry, chNCs are used as an additive to Ims for packaging applications,
where they can improve the gas barrier and mechanical properties of the Ims[61], and
as a spray coating[62]. Furthermore, chNCs can be used as stabilising agents in Pick-
ering solutions[63, 64]. The use of Pickering solutions provides greater stability than
traditional emulsions and reduces the need for chemical surfactants, which have many
potential applications in cosmetic and pharmaceutical formulations. Despite a wide
range of proposed applications, chNCs remain a commercially underutilised material,
with a scope for further improvement. In particular chNCs in combination with chi-

tosan can provide highly useful materials with improved solubility and antimicrobial
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properties.

1.10 Silica nanoparticles (SINP)

Silica nanopatrticles (SiNP) are widely used due to their excellent properties such as high
mechanical strength, ease of modi cation and large surface area. They are commonly
reported as an excellent delivery mechanism for targeted drug delivery[65]. Medicine,
such as the potent chemotherapy drug, doxycycline (dox), can be e ectively loaded into
mesoporous SiNP. This in turn decreases the often very harsh side e ects of drugs such
as dox. However, SiNPs can be cytotoxic[66]. Coating the nanoparticles with biopoly-
mers such as chitosan has been found to decrease their cytotoxicity[67]. Furthermore,
chitosan is pH-responsive, so it can be used as part of targeted drug delivery[68]. Can-
cers often change their microenvironments within the body, thus if a pH-responsive
material such as chitosan is used, the drug can be released in the cancer region and
prevent systemic side e ects for the patient.

Chitosan-coated SiNPs can, similar to ChNCs, be used as additives for food pack-
aging or in coatings to impart functionality to materials[69]. The added functionality
includes UV protection, enhanced durability and antimicrobial action.

Despite a large number of publications on the synthesis of chitosan silica composite
nanomaterials, there are very few publications which characterise the mechanism of

adsorption and the strength of chitosan interaction with the silica surface.

1.11 Use of computational studies in material design

Computational simulations are powerful tools for novel material design. They o er
several advantages over experimental methods. Simulations, such as those employed in
this thesis, provide a molecular level of detail and enable the study of interactions at
the atom-to-atom level. This level of detail is di cult to achieve using experimental
techniques.

MD has been employed to study various properties of chitosan, such as dependence

of chitosan exibility on its DA and the ionic strength of solution[70, 71], the molecular
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kinetics of chitosan crystal dissolution at various pH levels[72, 73], chitosan swelling in

water[74], and the mechanical strength of chitosan using steered MD[75].

1.12 Summary and perspective

Chitin and chitosan are hugely underused biopolymers with a plethora of applications.
Despite the numerous proposed applications, challenges remain in bringing chitin and
chitosan products to market. Due to the variability of chitin feedstocks, it is di cult to
standardise chitin and chitosan polymers; the composition and biochemical properties
might vary from batch to batch. This leads to di culty in developing commercial
products.

Despite a large number of available publications, there has been relatively little
literature written on the fundamental behaviour of chitosan at the aqueous interfaces
with surfaces. Understanding the material interactions at the atomic scale can aid in
rational material design. Computational simulations are particularly suited for use in
this research due to the ability to study materials at the atomic scale. In simulations,
the exact composition of the system and conditions are known, so there are no issues
with impurities or varying material compositions as can be the case when carrying out
experiments. That said, computational studies always need to be compared to available

experimental data and are best used in synergy with experiments.

1.13 Thesis overview

The thesis si organised as followsChapter 2 describes the theory and force elds used
in MD simulations relevant to this work, including steered MD (SMD) and umbrella
sampling. The description and rationale for the general methodology are given, laying
the groundwork for the rest of the thesis.

Chapter 3 establishes the methodology and validates the force eld to be used in
subsequent chapters. In this chapter simple simulations of systems containing chitin
and chitosan are conducted to ensure the model accuracy and reproducibility of the

key physical properties.
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In Chapter 4 , the interaction of chitin and chitosan oligomers with -chNCs are
studied in an aqueous environment. The free energy of adsorption is calculated using
us.

In Chapter 5 the interaction of chitosan with silica surface in an agqueous envi-
roment is studied. The free energy of adsorption is calculated as well as the chitosan
adsorption density, which is compared to available experimental literature.

The results presented inChapters 4 and 5 can be used to guide the rational design
of novel chitosan coated nanoparticles for various uses described within this chapter.

In Chapter 6 a model of E. Coli membrane with realistic lipid composition is
constructed and its interaction with chitosan oligomers is studied to help elucidate
mechanism of chitosan's antimicrobial action.

Chapter 7 provides the summary of the results, discusses the impacts of the re-

search presented in this thesis and gives perspective for future research.
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Molecular Dynamics

Computational simulations are a powerful tool for bridging the gap between theory
and experiments. In computational simulation, the initial state of the system is well-
de ned and the system evolution is governed by the underlying theory. Due to the
ever-growing computational power of modern high-performance computers (HPCs),
the complexity and the size of the systems which can be simulated is growing. While
simulations should be used synergetically with experiments, they are cheaper, safer and
0 er greater parameter control than experiments.

Computational simulation methods vary depending on the scale of the system and
the required level of detail and accuracy. All computational methods are based on
numerical methods and over time, more complex algorithms have been developed. The
most precise methods are based on quantum mechanical calculations, which have very
high computational costs. Such systems are limited to around a thousand atoms in
terms of size. Examples of such methods are density functional theory (DFT) and
Car-Parinello dynamics. On the other side of the spectrum are techniques such as the
nite element method (FEM) which simulates macroscopic objects, while completely
ignoring the atomistic nature of matter.

Atomistic molecular dynamics (MD) enables us to study systems containing tens of
thousands of atoms (up to several million in some cases), which are typically simulated
from tens of nanoseconds to microsecond time scale. The simulated systems can contain

complex structures such as crystals and polymers. MD enables us to study the evolution
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of the systems, such as the adsorption of a polymer to a surface.

In practice, MD simulations are performed using software packages such as LAMMPS,
Gromacs[76] or NAMDI[77]. These codes are open-source, actively developed and main-
tained, and each code has been optimised for a particular use. NAMD and GROMACS
are the most suited for biomolecular simulations and have been used to perform the
work presented in this thesis. This chapter presents an overview of the MD theory and

the algorithms used in this work.

Chapter aims:
" To provide the basic theoretical framework underpinning MD
" To provide a practical guide to the most common MD simulations work ows

~ To discuss the limitations, and appropriate use of MD simulations

2.1 Atomic and molecular representation

MD simulations aim to simulate dynamics of matter at the atomic scale. Since MD is a
classical method, the quantum-mechanical nature of atoms is ignored and the position

of every atom is represented by a single vector; as a point in space:

ri =(xi;vi;z) (2.1)

where i denotes the number of the atom in the system. This approach to MD is called
all-atom, as every atom is represented as one point particle in space. Each particles is
assigned its atom type and massr;). The atoms are further described by application
of system speci ¢ potential functions.

Note on nomenclature: In MD language, the word atom is used loosely, as one
chemical atom species can have many MD atom types. Instead, the word element is

used for the chemical species of the atom.
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2.2 Potentials

The components of the potential functions in the MD simulations can be divided into
three categories: force eld (FF), restraints and applied potentials. The applied poten-
tials are only used in enhanced sampling methods and are thus given in the context of

each method.

2.2.1 Force Field

FF describes system-speci c interactions in the system. The parametrisation of a force
eld is a task not to be underestimated. The parameters for smaller model molecule
parameters are obtained from experimental data, such as electron di raction or crystal-
lographic x-ray data, or quantum mechanical calculations. The initial parameters are
then iteratively optimised. Larger molecules often use parameters derived for smaller,
chemically similar model compounds for which the parameters are known. This is then
further optimised. Each FF has a speci ¢ protocol for optimisation, which ensures the
parameters are self-consistent.

The choice of the FF is the crucial step in conducting MD simulations, as it contains
all the parameters necessary for calculations of the potential forces in the system. Every
FF has two components: the potential functions (set of equations) which generate
the potentials, and the parameters used in the those potential functions. Parameters
describe the properties of di erent atomic species and their interactions with other
atoms. This includes a description of all chemical bonds and all interactions between
non-bonded atoms.

The parameters are developed with speci ¢ potential functions in mind, and cannot
be used with a di erent force eld. Some of the things that need to be considered when
choosing the force eld are accuracy, performance and availability of di erent residues
(parts of a large molecule).

In this work all the simulations were performed using CHARMM36 FF. The CHARMM
FF[78] is an empirical class | (additive) FF consisting of a family of compatible FFs.

These include protein, lipid, carbohydrate[79, 80, 81] and general (cgen )[82] FFs. This
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Figure 2.1: lllustration of the CHARMM additive force eld with associated potentials.

FF can be used in both NAMD and Gromacs[83]. CHARMM36 FF has been validated
for use with polysaccharides by comparison with experiments for properties such as
crystal cell parameters, aqueous densities, aqueous NMR coupling constants and in-
tramolecular geometries[79]. In addition to the CHARMM36 FF, the INTERFACE
FF[84] has been used to model a fully mobile silica slab. This FF has been developed
for MD simulations of inorganic surfaces and is consistent with CHARMM.

Note on nomenclature: The CHARMM FF les consist of parameters (par) and
topology (top) les. Par les contain the previously described FF parameters, except the
partial charges which are stated in the top les. Top les list the residues. Residues are
small molecules, which can often be combined with patches which enable the construction
of more complex molecules. For example, to construct chitin polymer, acetylglucosamine
monomers are connected with the glycosidic linkage patch.

The potential functions of the CHARMM additive FF are illustrated in Fig. 2.1

with the full potential formally given below:
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Bond, angles, dihedrals and improper terms describe interactions between bonded
atoms. The termsKp, K , K and Kjnp are scaled force constants for bond, angle,
dihedral angle and improper dihedral angle potentials respectivelyb, , and are the
bond length, angle, dihedral angle and improper angle respectively, with 0 subscripts
being the equilibrium value. Additionally, the dihedral potential is described by the
multiplicity, n and the phase shift terms, .

The last two terms describe interactions between non-bonded atonfsusing Van der
Waals and electrostatic interactions. ¢ is the dielectric constant in the vacuum. jj is
the depth of the Lennard-Jones (LJ) well between i and j atom pairs. Similarly, Rmin;jj
and rj are the distance at the LJ energy minimum and the distance between i and j
atom pairs respectively. g and g are the partial atomic charges of the atoms i and j.
LJ parameters are determined by applying Lorentz [85]-Berthelot [86] rules which are

given by:

_ F\)min;i + Rmin;j
2
=P (2.4)

Rminij (2.3)

Particular care needs to be taken when calculating non-bonded interactions. In
principle, these potentials extend to in nity. In practice, they decay very closely to
zero at a certain distance. Van der Waals interactions decay faster than electrostatics,
S0 a cut-0 scheme is used in this case. This means that the potential is evaluated up

until a certain distance called switching distance, after which the potential is smoothed

The usual % constant is incorporated into the K values.
2excluding calculation for the nearest 4 atoms which are bonded, i.e. the non-bonded terms will not
be evaluated for atoms where one of the bonded (bond, angle, dihedral) calculations exists
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to zero value at the cut-o distance. The same can be done for electrostatic interactions,
but due to their longer range, more accurate methods have been developed which will

be discussed in section 2.4.

On the water models

Most biological processes occur in an aqueous environment, thus it is essential to include
a model for the water molecules in MD simulations. There are several water models
available, which o er di erent levels of detail. As is always the case in simulations,
higher precision comes with a higher computational cost, thus balance between level
of detail and speed is essential. CHARMM36 FF has been developed for use with the
mTIP3P water model. This is a modi ed version of the original TIP3P (transferable
intermolecular potential with 3 points) water model developed by Jorgensen in 1983[87].
The TIP3P model, as the name suggests, models water with three points in space, which
correspond to two hydrogen atoms and one oxygen atom, with a xed 104 H-O-H
angle. The only di erence between the original TIP3P and mTIP3P is the addition of
Lennard-Jones interactions for the hydrogen atoms, which are set to zero in the original

TIP3P model.

2.2.2 Restraint potentials

The restraint potentials are not part of the FF and thus the parameter values are not as
important. These restraints are normally used to include knowledge from experimental
data, or to avoid deviations for experimentally determined structures. It is common to
apply position restraints to non-solvent atoms during the initial stages of simulation
before the equilibrium is reached. This is done to prevent unphysical deformation
of non-solvent species (e.g. protein, lipid bilayer) by the large solvent forces which
can occur due to the initial solvent placement before equilibration. Another use for
the position restraints is when simulating surfaces which should remain stationary.
In Gromacs, the simple harmonic potential is used:U(r;) = 1=2kjr;  R;j%, where k
is the strength of the potential, and R; is the xed reference position. In NAMD,

it is common to completely freeze the atoms, i.e. not update the positions during
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the simulation, instead of using the restraint potentials, which allow some motion to
occur. The energy calculations are still done for the frozen atoms so that non-bonded

interactions are preserved.

2.3 Periodic Boundary Conditions

Figure 2.2: lllustration of the PBC in 2D.

When simulating molecules in an aqueous environment, we want to simulate bulk
conditions to avoid nite size e ects. This is achieved through imposing periodic bound-
ary conditions (PBC), which means that the particle positions are translated by the
size of the box, as shown in Fig. 2.2. In one dimension this is described by mapping
X+ nyL ! X, where x is the position of the atom, L is the length of the box and n
is an integer which determines which periodic box the particle occupies. For certain
systems, it might be desirable to apply periodicity in only two dimensions, but most
commonly PBC is used in all three dimensions. Furthermore, the use of PBC enables
the use of more advanced and accurate electrostatic calculations described in the next

section.
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2.4 Electrostatic calculations

As previously stated, the electrostatic interactions decay slowly with distance so that
particular care needs to be taken. In MD this is done using the Ewald summation.
Ewald summation splits the potential calculation into two parts: short range and long
range. Short range interactions involve those between charges within the primary
simulation box, while the long-range calculations involve interactions between charges
in the periodic image boxes. The short range term is summed directly, while the long-
range interaction term is further expanded to include correction terms and is calculated
using a Fourier transform. There are two correction terms: self-energy and surface
energy. The self-energy is a trivial constant term, which subtracts the energy of the
particle interacting with itself in the primary simulation box. The surface energy is
neglected by assuming the tin-foil boundary condition[88]. This type of summation is
conditionally convergent®. The Ewald summation is computationally very expensive
(O(N 3%2)), so the more e cient Smooth Particle Mesh Ewald (SPME) method is often
used instead. This is a fast numerical method for computing the Ewald sum, with the
calculation time proportional O(N logN). SPME makes an approximation by assigning
the charges to the grid points of the mesh, but nevertheless is a more accurate method
than the cut-o scheme as it accounts for all the interactions. It is also the most popular

method for calculating electrostatics.

2.5 Energy minimisation

The initial atomic positions used for MD simulations can be obtained in various ways.
Most commonly solute conformations are taken from crystallographic data or guessed
based on stereo-chemistry. Thereafter, water and other solvent molecules are added
semi-randomly into the simulation box. This means that the initial potential energy

of the system will be high, which will lead to unphysical behaviour and the simulation

blowing-up #. For this reason, before performing MD, the potential energy of the system

3The order of summation needs to be well de ned
4Blowing-up is term used in the MD community to describe a simulation that crashes due to highly
unphysical behaviour, such as particles having too large velocities. Such a system, when visualised,
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is reduced using energy minimisation (EM).

EM is the procedure based on molecular mechanics, in which the system is driven
into local energy minima. From a physical point of view, the resulting structure is
equivalent to the classical state of the system at absolute zero temperature. There are
several algorithms for EM that can be used, which will produce largely similar results.
The standard EM method in NAMD is Conjugate Gradient, while GROMACS uses

Steepest Descent.

2.5.1 Steepest Descent

Steepest Descent (SD)[89] is not the most e cient algorithm, but it is robust. The
forces and the potential energy are calculated rst, and then the new positions are

calculated by:

Fn
=rg4+ —n .
M+t Mn ax(F i) hn (2.5)

where h, is the maximum displacement andF , is the force. max(jF j) is the
maximum scalar force on any atom in the system. The forces and energy are again
evaluated for the new positions. If the potential Vh+1 < V;, the new positions are
accepted andhn+; = 1:2hy, if Vs > Vg, the new positions are rejected andhp.1 =
0:2hy,.

The algorithm is repeated until the absolute magnitude of the maximum force is
less than the user-speci ed value or the algorithm reaches a user-speci ed maximum

number of iterations.

2.5.2 Conjugate Gradient

Conjugate Gradient (CG) uses the same parameters and stop criteria as the SD algo-
rithm. It is slower during the initial stages but becomes more e cient than SD as the
energy minimum is approached. During each iteration step, the new direction of min-

imisation is orthogonal to the previous step, which accelerates convergence compared

might appear to be exploding.
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to the SD method. Furthermore, the CG algorithm will place the system closer to the
energy minima than the SD algorithm, but this is relevant only in highly speci c cases.
Further advantages of the CG method compared to SD are lower memory requirements
as CG does not need to store the entire Hessian matrix, the convergence in less iterative
steps and a more direct path to convergence, which avoid the possibility of oscillatory
paths and partial undoing of progress. For most applications, the choice of the energy
minimisation algorithm is not crucial, as the di erence in energies given by di erent

algorithms is small relative to the value of kg T at 300 K.

2.6 Equations of motion and time integration

MD employs Newton-like equations of motion, which means classical equations of mo-
tion are solved (as opposed to quantum equations of motiot). Newton's equations of

motion are given by:

_dzl‘i

Fi(t) = m|W

=r U(r) (2.6)

for a system of N particles, where m is the mass andr; is the position, with the
subscript denoting the i particle. r denotes complete position of the system in 3N
dimensions (the positions of all N particles in the system). U is the total potential

energy which depends on the position of all the particles in the system.

Figure 2.3: Simplied owchart of the MD calculation protocol

Figure 2.3 shows a simplied owchart of the MD calculation algorithm. The
speci cs of each step will be explained in the following sections.

To obtain system dynamics, Newton-like equations of motion need to be integrated

5quantum mechanical information about the system is included in the force eld parameters
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using a numerical integration algorithm. There are several numerical integration meth-

ods, however they all need to satisfy certain requirements:

" not violate laws of physics
" obey conservation of energy and momentum laws
" be time-reversible

" be fast and stable

The exact equations of motion that are used will depend on the FF type, the ther-
mostat and the barostat used. The algorithms are iterative, with the initial velocities
assigned based on the Boltzmann distribution at the desired temperature.

Most of the methods implemented (and recommended) in modern MD are based

on the Leap-frog algorithms. The two variations of the algorithm are given below.

2.6.1 Leap-frog algorithm

Figure 2.4: The illustration of the leap-frog algorithm, the velocity and position calcu-
lations are leaping over each other 'like frogs'.

The Leap-Frog[90] is one of the most common time integration algorithms used for
MD simulations. It uses the positionsr at time t and velocities v at time t + 3 t,
as illustrated in Fig. 2.4. This algorithm is time reversible and is a default time
integration method implemented in Gromacs with other algorithms available. The

relevant equations of motion are:
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1 1 t

+ — = — + —F 2.7

v t > t v ot > t p- (t) (2.7)
1

rt+ t)=r(t)+ tv t+ - t (2.8)

2

The symbols are used as previously described above. The error for this method is

proportional to  t3.

2.6.2 Brunger-Brooks-Karplus method

NAMD uses the Brunger-Brooks-Karplus (BBK) numerical integration method[91],
which is extension of the leapfrog velocity-Verlet time integration and it is method used
for the integration of the Langevin equation (see section 2.7). The position recurrence

relation is given by:

r !

2K pT
w2

1 t=2 1

- =~ - 2 1
1+ t:2("n rh 1)+ 1+ =2 t° M “F(rn)+

M+ =Int
(2.9)
where n it the current timestep, M is the mass,F is the force, Z,, is the set of random
Gaussian variables of zero mean and variance one, and is the friction coe cient.
Other symbols have the usual meanings. The steady-state distribution generated by

this method has a local error at the order of t2.

2.7 Temperature coupling

In an N-particle system, the kinetic energy, Ey is related to the absolute temperature,
T:
R 1

> mivZ= ZNgksT (2.10)

Ek =
i=1 2

where Ny is the number of degrees of freedofn Therefore, if the energy of the

6Nd =3N  Nconstraints Ncom , In MD Ncom =3
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system is constant, as is the case in microcanonical ensemble (NVE), we can passively
measure the temperature of the system.

Sometimes unrealistic and guessed initial conditions of MD simulations can lead
to high initial energies in the system in the NVE ensemble, which can lead to the
unphysical behaviour of the system. In particular, the guessed solvent positions can
lead to high energies. This is especially signi cant for biomolecule simulations, where
high energies may lead to irreversible reactions, such as protein denaturation. Further-
more, in laboratory experiments, the temperature is controlled, so we want to control
the temperature during the simulation to best replicate experimental conditions. To
obtain canonical ensemble (NVT) in MD simulations, the system can be coupled to a
virtual heat bath using a thermostat algorithm. Thermostats modify the calculation
of velocities to achieve the desired temperature. There are several di erent types of
thermostats which are implemented in both NAMD and Gromacs. The thermostats
used in the work presented in this thesis are described here, using minimal equations
to represent their principles, without full derivation. It should be noted that when
applying a thermostat (and/or pressure) coupling, the total energy of the system will

no longer be conserved.

2.7.1 Berendsen Thermostat

The Berendsen thermostat[92] is one of the simplest and oldest thermostats. It uses
rst-order kinetics to mimic weak coupling to a heat bath which has a target temper-

ature To.
dT _To T
dt

(2.11)

Particle velocities are scaled by a factor so that the kinetic energy is modi ed by:

Ex=( 1)%Eg (2.12)

where is a time-dependent factor. In practice, there is a limitation on the range

of ,0:8<= < =1:25,in normal use the value is close to 1.0.

"This is to avoid nonphysical phenomena such as "the ying ice cube" [93], where the internal
translations and rotations of the system are suppressed, while the majority of the energy of the system
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When using Berendsen thermostat coupling, the temperature decays exponentially
with the time constant . The Berednsen thermostat does not produce a real canonical
ensemble with the error scaling with 1/N. This thermostat is appropriate for the initial
equilibration of the system only, as it is very robust and exponentially approaches the

target temperature.

2.7.2 Nose-Hoover Thermostat

The Nose-Hoover thermostat[94] is very accurate and can be used for simulations of the
equilibrated system. Unlike the Berendsen thermostat, which employs an imaginary
heat bath, the Nose-Hoover thermostat couples to a virtual particle, which has its own
momentum, p and equation of motion that represents the heath bath. When using

this thermostat the equations of motion are such that:

d2ri_ Fi P dri

where the heat bath parameter is described by:
P =(T TN ke (2:14)

where Ty is the reference temperature andr is the instantaneous temperature, Q is the
mass parameter of the coupling, which determines the strength of the coupling. The
Nose-Hoover thermostat produces oscillatory relaxation in contrast to the exponential
relaxation of the weak coupling (Berendsen). The relaxation time for the Nose-Hoover
thermostat is therefore 4-5 times longer than for a weak-coupling thermostat (such as

Berendsen). This thermostat correctly reproduces a canonical ensemble.

2.7.3 Langevin Thermostat

The Langevin thermostat[91] is a stochastic method that models a system coupled with
a virtual implicit solvent. This implicit solvent replicates uctuations due to friction

forces between the solvent molecules and occasional high velocity collisions, which are

is expressed as the net COM motion of the system, violating the equipartition theorem.
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modelled using a random force term. With this method, the Newtonian equations are

replaced with the Langevin equation:

r
dzri 2kpT
m a2 F(r) vi(t) o

R(t) (2.15)

where s the friction coe cient and R (t) is a univariate Gaussian random process.
Eq. 2.15 is composed of three terms. The rst term is the force dependent on the
position of particles, the same as in standard Newton's equations of motion. The second
term is the deterministic friction force term, while the third term is the stochastic
uctuating term. Langevin dynamics and Nose-Hoover are both widely reported in the

literature for data-producing simulations.

2.8 Pressure coupling

As with temperature, the pressure in the simulation should be controlled as the typi-
cal bench experiment will be conducted at constant temperature and pressure. Here,
instead of kinetic energy scaling, we have simulation box volume scaling. In both al-
gorithms below, the pressure coupling is represented by a tensor, which enables the
anisotropic pressure coupling with di erent compressibility along the x,y and z direc-
tions. This means that the box volume and shape can change, which is especially
important when simulating systems with di erent compressibilities in di erent direc-
tions. For example, in the lipid bilayer simulations, the lipids are far more compressible
than water (which is essentially incompressible). Thus, it is appropriate to set di erent
compressibility along the directions of the bilayer plane compared to the orthogonal
direction.

The pressure coupling in GROMACS simulations is performed by Parinello-Rahman
coupling, while NAMD uses a modi ed version of the Nose-Hoover constant pressure

method.
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2.8.1 Parinello-Rahman pressure coupling

The Parinello-Rahman barostat is similar to the Nose-Hoover thermostat and in theory,

should give the correct NPT ensemble.

er i Fi dr i
— = — — 2.16
dt2 m; dt ( )
where the extra term, W is a mass parameter matrix that determines the strength of
the coupling. Despite having appearance of mass this terms is ctitious and result of

how the Parinello-Rahman barostat is de ned [95].

2.8.2 Nose-Hoover Langevin pistol pressure control

NAMD uses the Nose-Hoover thermostat modi ed with a "Langevin piston method".
Quigley and Probert[96] show that this method produces an NPT ensemble that cor-
rectly samples extended phase space. In this approach, an additional Hoover-style
pressure term is added to the Langevin equation (eq.2.15). This represents coupling to

a ctitious piston, introducing volume as a dynamic variable.

2.9 Constraint algorithms

Constraint algorithms in MD are used for several reasons, some physical and some
practical. MD describes the motions of the atoms in a classical way (using Newtonian
equations), which is reasonable for heavy atoms at room temperatures. On the other
hand, hydrogen can exhibit purely quantum mechanical behaviour, such as proton
quantum tunnelling during hydrogen bond proton transfer. Another example is high-
frequency bond oscillations, much higher thankaT, which cannot be properly described
by a classic harmonic oscillator. For this reason, constraint algorithms are used to
remove high-frequency oscillations. In practice, this allows for the algorithm to use a
larger timestep, and reduces the cost of the simulations. Without restraint algorithms,
the simulation timestep required is 0.25 fs, however with restraints the typical timestep

is 2 fs.
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The LINCS algorithm is an algorithm that resets bond length after the uncon-
strained update. This is a so-called soft restraint as it doesn't reset the bond length
to a specic value, but instead calculates the projection of the length to correct for
overstretching due to rotational lengthening.

The SETTLE algorithm is a special constraint algorithm for water. Water often
contributes to more than 80 % of the molecules in the system, so the speed up for

constrained water can be signi cant.

2.10 Enhanced Sampling Methods

When performing the MD simulation, the goal is to explore the whole of the space-
phase landscape. According to the ergodic assumption, the system will explore all the
available states if given enough time. However, the length of the simulation may not be
su cient to explore all the possible con gurations, especially in the simulations with
complex energy landscapes with multiple local energy minima present. Furthermore,
some processes occur on the timescale that is not practical to achieve using standard
MD, which can lead to poor sampling. Therefore, it is di cult, and often impossible,
to calculate free energy from the standard MD simulations.

The free energy is de ned through the canonical partition function, Q

Z
Q)= e EMdNy (2.17)

where = k%T With commonly used FFs, E is independent of the momentum.
The Helmholtz free energy A is dened asA = 1= In Q ) in the NVT ensemble and
the Gibbs free energy is dened asG = 1=( In Q ) in the NPT ensemble. In the
condensed phase, there is a minimal di erence between A and G. Usually, we are
interested in the di erence in the free energy between the two thermodynamic states,
which can be de ned by some order parameter. This order parameter is commonly

known as the reaction coordinate and is denoted by . Then Q can be written as a
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function of the reaction coordinate:

R[q{,) le EdVr

Q()= R e E Ny (2.18)

In simulations, 2.18 is impossible to evaluate, however for an ergodic system Q is
equal to:
q z,

1
PO=TP ¢

[ (t9]dt® (2.19)
0

where is the probability distribution density for . So in principle, it is possible
to obtain free energy from MD simulation, however, simulations can only be run for a
nite amount of time. Furthermore, the con guration space around the energy minima
is typically sampled well, while the higher energy regions are poorly sampled. The
con guration space separated by an energy barrier much higher tharkg T might never
be sampled.

Enhanced sampling methods are designed to overcome such potential energy bar-
riers by providing an additional potential. This can be achieved by adding Gaussians,
parabolic or other potentials to the system. Additional energy can also be achieved by
heating the system, however this can be a bad idea in systems sensitive to high temper-

atures, for example lipid bilayer structure could be destroyed at a higher temperature.

2.10.1 Steered MD

Steered MD (SMD) is used to study non-spontaneous or rare events such as the stretch-
ing of DNA or the desorption of a molecule from a surface. This method can also be
used as a computational analogue to atomic force microscopy (AFM) single-molecule
experiments. The potential, V is added to that of the system, and is calculated using
its position R, which can be described as virtual atom. The initial position, R is
placed on top of the atom or centre of mass (COM) of the group of atoms which are

pulled. The potential is given by:

V(r;t) = %k(vt (R(t) Rg) n)? (2.20)
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wherev is the constant velocity with which the atom is pulled, n is the direction of
pulling and k is the force constant. Other symbols have the usual meaning. The results
can be used to calculate work done during the pulling by integrating the area under
the force-displacement curve, and thus calculate the di erence in free-energy between
the two states. This can be done even for non-reversible pulling by using the Jarzynski

equation[97] and averaging over many simulations.

2.10.2 Umbrella Sampling

Umbrella sampling (US) is based on a series of parallel MD simulations where the
system is restrained with a harmonic potential so that it can only explore a small part
of phase space[98]. Each simulation is called an umbrella or a window. The windows are
evenly spaced across a reaction coordinate, which is referred to as a collective variable
in the context of MD. Provided that the umbrellas overlap appropriately, this enables
the system to explore all the states along the reaction coordinate.

The potential energy of the biased system is given by:
VP(r) = V() + () (2.21)

where superscripts 'b' and 'u' indicate biased and unbiased quantities respectively.
I'j denotes the biasing potential were subscriptj denotes the window number. The
most commonly used potential is the simple harmonic given by:! () = %‘ 0)2.
The strength of the potential, k, can be in principle di erent for every window, but in
practice, it is common to use the same value for all the windows. The MD simulations
are used to obtain the biased probability distribution along the reaction coordinate,

ij( ). The free energy can then be shown to be equal to:
1 b
Gi()= —InP() !i()+F (2.22)
where

Fi= (1= )Inkexp ! ;())i (2.23)
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To calculate G; from eq. 2.22,F; needs to be evaluated. There are two mainstream
methods to do this, umbrella integration and weighted histogram analysis method
(WHAM). In this thesis, WHAM is used, as it is widely accepted and implemented

in Gromacs and is also available as a standalone code[99].

2.11 Limitations of MD

Despite being an excellent method to study various systems at the nanometre scale,
which enables us to access information about the system not available from experiments,
MD has limitations. As previously noted, MD uses classical Newton's equations to de-
scribe motion of atoms and neglects their quantum mechanical nature. This inherently
leads to approximations. Thus, it is always necessary to be aware of the limitations of
MD and do checks with known experimental values.

Furthermore, the chemical bonds cannot be created or broken during the simula-
tions described here, due to the nature of the harmonic potential between permanently
bonded atoms. This can be overcome by using the Morse potential, (instead of the
harmonic potential) which has a more accurate shape or a mixed quantum mechani-
cal/classical methods can be used, where a part of the system is simulated as quantum
mechanical, while the rest of the system remains classical. This comes with additional
computational cost.

As mentioned in section 2.9, bond vibrations which are higher frequency thadq)h—T
exceed the classical limit, so they cannot be simulated using a classical harmonic oscilla-
tor. This includes most bond stretching and some bond-angle vibrations. To overcome
this problem, corrections can be applied to the total internal energy and speci ¢ heat
capacity. Another way to deal with this is to apply constraint algorithms.

The form of the FF itself imposes restrictions on the simulations. Polarization of
atoms is not possible with classic FFs described here. Polarizable FFs are under active
development, but the number of available residue types is still limited.

PBCs are unnatural. When simulating liquids, we want to avoid boundaries with
a vacuum to simulate a bulk system. PBC enables us to avoid dealing with phase

boundaries, but since the system is not truly periodic it is not entirely physical. For
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larger systems the error is negligible, but for small systems, internal correlations can
be increased due to PBC.

MD simulations are very computationally intense and the number of the computa-
tions required scales with the size of the system. The specic scaling depends on the
chosen simulation settings as some algorithms are faster than others. For the simula-
tions presented in this thesis, which range from tens of thousands of atoms to hundred
and fty thousands atoms, use of a High Performance Computer (HPC) cluster is re-

quired.

2.12 Practical approach to MD simulations

Figure 2.5: Typical owchart for MD simulation

In this section, some practical aspects of conducting MD simulations will be discussed.
A typical MD simulation work ow is provided in Fig. 2.5. As can be seen from this
gure, the the rst step to the simulations is the prepare the system to obtain the input

les for MD software.

2.12.1 System preparation

The coordinates of the main structures® to be studied can be obtained in several ways.

For the work presented in this thesis these are:

8Atoms and molecules that are not solvent.
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" A Python script that produces chitin/chitosan oligomers and crystal structure

from XRD obtained coordinates.

~ The web server CHARMM-GUI that can create various bio-molecular and inor-

ganic structures.

The coordinate le formats are typically .pdb (protein data bank, NAMD compat-
ible) and .gro (Gromacs compatible) The topology le is complementary to the coor-
dinate le and describes all the bonded interactions in the system. CHARMM-GUI
creates topology les alongside the coordinate les. NAMD and Gromacs software
packages come with code (psfgen and gmx gromp) that can create topology les when
provided with coordinate les and residue topology found in the FF. The topology le
formats are .psf (NAMD) and .top (Gromacs). Lastly, MD parameters are written in
a separate le and describe the specics of the algorithms to be used. For example,
which integrator will be used with what timestep, and what temperature and pressure

coupling will be used.

2.12.2 EM and Equilibration

The MD simulations are typically conducted in stages. The rst stage is energy mini-
mization (discussed in Section 2.5). Once the system is close to the energy minima it
needs to be carefully equilibrated to avoid unphysically large forces. Typically, this is
done in several stages. First, only solvent is allowed to equilibrate at room temperature,
while the non-solvent molecules are frozen or restrained. This typically requires only
a short simulation. Next, the whole system will be equilibrated by applying a series of
short NPT (sometimes NVT is required before NPT) simulations where the restraints
on the non-solvent molecules are progressively reduced and eventually removed. The

production (main) run is then initiated, typically using an NPT ensemble.

2.12.3 Production run and analysis

The Production runs described in this thesis are performed at room temperature (300

K) and atmospheric pressure (1 bar). The reasoning for this is two-fold: the analogous
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experiments would be conducted at similar conditions and the CHARMM36 FF has

been optimised for this range of temperature and pressures. The length of the produc-
tion run is dependent on how fast equilibrium is reached and the characteristic times
during the equilibrium simulation.

The simulation should be long enough that it represents a good sampling of the
equilibrium space-phase landscape. When the simulation is completed, the resultant
trajectory is analysed. Analysis can be done in multiple ways, using software such as
VMD and its in-built functions, or using custom scripts written in languages such as
TCL and Python. In this thesis, a goal orientated approach to analysis has been used,
so in each case the method which yields the most computationally e cient result has
been used, regardless of code required. The details of analysis will be given in the each

results chapter as they di er from system to system.

2.13 Chapter summary

Gromacs and NAMD are open-code engines, which implement MD simulation algo-
rithms that accurately calculate time evolution of the biomolecular system in an aque-
ous solution, enabling temperature and pressure control of the system, while balancing
speed and accuracy. CHARMM FF is able to model a variety of biomolecules and
is compatible with INTERFACE FF for non-organic minerals and metals, making it
particularly suited for the work presented here. Standard MD simulations are used
to study spontaneous processes such as adsorption of a biopolymer from solution to a
surface, or the behaviour of a polymer in solution. Non-equilibrium methods such as
SMD and US can be used to study hydrogen-bond breaking and calculating free-energy
of adsorption along a reaction coordinate. MD enables us to study system properties
which are inaccessible to experiment, while being able to provide good agreement with

those properties that are experimentally measured.

40



Chapter 3

Model Validation

3.1 Introduction

FF validation is a crucial initial step for conducting research which relies on compu-
tational simulations. It ensures the physical accuracy of the model and thus provides
con dence in predictions made using the model. In this chapter, various systems con-
taining chitin and chitosan oligomers are constructed, with increasing size and complex-
ity. The conformational states of chitin and chitosan are calculated and compared to
the literature. The silica model is chosen and validated against available literature. The
simulation setup established here lays the groundwork for the novel results presented

in the later chapters of this thesis.

Chapter aims:

" To develop a Python script which assembles chitin and chitosan monomers into
oligomers, and to create a model crystal from chitin polymer, which will be used

in subsequent chapters.

" To construct simple chitosan oligomers to test the model for correct reproduction

of physical properties, such as glycosidic linkage conformation.

" To choose an appropriate silica model which will enable the study of the silica

chitosan adsorption process.
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3.2 Methods

3.2.1 Chitin and Chitosan
Initial coordinates

A Python script was developed to construct chitin and chitosan oligomer and crystal
structures. It reads the input le containing the monomer sequence and outputs the
coordinates le (.pdb) with the desired oligomer sequence. This coordinate le can be
used as input for the psfgen code, which produces a topology le (.psf). The initial
coordinates for chitin (acetyl- -glucosamine) and chitosan ( -glucosamine) monomers

were obtained from[72] in Gromacs coordinates format (.gro).

Figure 3.1: Schematic illustrations of chitin (or chitosan) oligomer and crystal structure
assembly.

Fig 3.1 illustrates the process of oligomer and crystal assembly. Thej2rotational
symmetry can be illustrated as rotations and translations of a coin which has head (H)
and tail (T) sides, as can be seen in the gure. First, the monomer is rotated by 180
around the c crystallographic axis, which is then followed by a translation of c¢/2 unit
cell along the c-axis. This type of rotation and translation is repeated until the desired

chain length is achieved. Next, the assembled chain is then similarly rotated around
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the b-axis by 180 followed by a translation of b/2 unit cell length along the b-axis
to form a sheet, and rotated around the a-axis and translated by a/2 unit cell length
to stack chains. The crystal assembled in such fashion will have R2:2; symmetry
characteristic for -chitin crystal. If the rotation around the b-axis is omitted, -chitin
crystal will be formed.

Simulated oligomers consist of protonated glucosamine (P), neutral glucosamine
(N) and acetyl-glucosamine (A) monomers, which are shown in Fig. 3.2. First, dimers
consisting of two monomers were constructed with the composition A+A, A+P, N+P,
N+N and P+P. These were solvated with TIP3P water and chloride ions were added
to neutralise the system in the case of P monomers (which have charge +1). Following
the successful simulation of dimers, a series of 10-mers was constructed. Each oligomer
was solvated with TIP3P water and an appropriate number of chloride ions was added

to neutralise the system.

Figure 3.2: The monomers used for the simulations of chitin and chitosan with atom
names: A - acetyl-glucosamine, P - protonated glucosamine and N - neutral glu-
cosamine.

Lastly, after successful simulations of individual oligomers in water, the three dif-

ferent crystals structures were constructed: -chitin crystal with 4 4 10-monomer
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arrangement and neutral -chitosan crystal, and 50% protonated -chitosan crystal,
which both had 3 6 10-monomer arrangement. As before, the systems were solvated
with the water box su ciently large to avoid any self interaction across periodic bound-
ary. Sodium was added to the system to neutralise it and further sodium and chloride

ions were added to set the bulk salt concentration to 0.15 mol L1.

Simulation parameters

The general simulation protocol was as follows. Initially, the oligomers were frozen,
while minimalization was run for 1000 steps. Then, water was equilibrated for 1 ns at
300 K and 1.01325 bar using a Langevin thermostat and barostat. The electrostatics
were managed using Particle Mesh Ewald (PME), and rigid bonds were applied to
water using the SETTLE algorithm. Next, the oligomers were released and the system
was again minimized for 1000 steps before being gradually heated from 0 to 300 K for 3
ns. Lastly, the production runs were conducted for 6, 18 and 26 ns for dimers, 10-mers

and crystals respectively.

Angles and dihedral de nitions

The main goal for the analysis of the oligomer systems was to ensure the correct con-
formational states in the simulations. Thus, the glycosidic linkage angle and dihedral
angles accross the glycosidic bond were calculated. In the literature there are two ways
to de ne these dihedral angles, so here comparison is made to both with the following

de nitions:
" =C1-04-C4
h = C1-04'-C4'-H4'
= Hl{Cc1{o4{Ca
~ b=cC1-04-Cc4-C3
~ b=05-C1-04'-C4'
where ' denotes the atoms of the subsequent monomer.
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3.2.2 Silica model

Chapter 5 explores the interaction of chitosan oligomers with a siNP surface. Here, a
silica model was chosen and initial simulations were conducted to verify the model's
suitability. Silica, as an inorganic compound, is not part of traditional FFs which
mainly consist of biomolecules, small organic compounds and common solvents. Thus,
a suitable FF had to be chosen to model the silica surface. The requirements for
such a model are: correctly reproducing silica surface charge density, correctly repro-
ducing silica interaction with water, and compatibility with the CHARMM FF. The
INTERFACE FF ful Is these requirements. Furthermore, it is implemented into the

CHARMM-GUI nanomaterial builder, which makes it easy to use.

Initial coordinates

A silica slab, shown in Fig. 3.3 (749 7:44 2:6 nm°®) with periodicity inthe x y plane
was constructed using the CHARMM-GUI[100] nanomaterial modeller[101] with an -
cristobalite structure and a surface silanol (Si{OH) group concentration of 4.7 nm 2.
The silanol deprotonation level was 6.66 % (0.31 nm?) to mimic pH 5 and was
determined as recommended by Emmameét al.[102]. This pH level was chosen because
chitosan is soluble at pH below 5.4.

The system was solvated and sodium ions were added to neutralise the system.
Further sodium and chloride ions were added to set the bulk salt concentration to

0.15 mol L 1.

Simulation parameters

The simulation was performed in Gromacs 2022. The system was initially minimised
for 5000 steps using the steepest descent method, with the silica slab restrained using
harmonic potentials. The water molecules and ions were then equilibrated for 0.5 ns
using the Berendsen thermostat at 300 K and the Parinello-Rahman barostat with
anisotropic pressure coupling at 1.0 bar. After initial equilibration, the system was
simulated using the Nose-Hoover thermostat at 300 K, the Parinello-Rahman barostat

at 1 bar with anisotropic pressure coupling with 0.2 ps time constant for coupling and
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Figure 3.3: Constructed silica slab shown from di erent viewpoints with atom colours
. oxygen - red, deprotonated surface oxygen - blue, silica - yellow, hydrogen - white.

compressibility of 2.5 10 © bar ! in the x and y directions and 4.5 10 ° bar ! in
the z direction and 2 fs timestep integration. The electrostatics were calculated using
Particle Mesh Ewald with a 1.2 nm cuto . The LINCS constraints algorithm was used
to restrain O-H bonds. Periodic Boundary Conditions (PBC) are used, so that the
silica slab is in nite in the x- and y-directions, with the solution sandwiched between

silica slabs. Analyses were performed using Gromacs built-in tools.

3.3 Discussion and Results

3.3.1 Chitin and Chitosan
Dimers

The angle describes the connection of the two monomers which form a dimer. The ex-
perimentally obtained values of were reported to be 116.7 and 114.2 for anhydrous[24]
and hydrous crystalline[22] chitosan respectively using XRD method. Here, was found
to be 114 for P+P and N+P dimers, and 115 for A+A, A+P and N+N dimers, which

is consistent with the experimental values.

Snapshots of the observed dihedral angles can be seen in Fig. 3.4. The comparison
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Figure 3.4: Snapshots of the observed (, ) con gurations

between the results obtained here and other available data can be seen in Table 3.1.

Table 3.1: Averages of the dihedral angles at the glycosidic linkage. All angles are given
in degrees. * indicates the range of values approximated from a gure.

b b Method | Ref
hydr. chitosan - - 94.0 -92.1 XRD [22]
Chitosan crystal - - 102.5 -83.4 (aq) MD | [72]
Chitosan molecule| - - 110.5 -69.5
Chitin molecule - - 110.5 -70.7
chitin [-50-50]* | [0-50]* | - - (aq) MD | [103]
CHT dimer [-50-30]* | [25-60]* | - - MD [104]
A+A 40 22|36 13|83 21 |-86 13| (aq) MD
A+P -33 22|40 13/89 20 |-82 13
N+P -18 23|46 12|103 21|-75 12
N+N -22 25|44 13,101 23|-78 13
P+P -11 23|49 12| 110 22| -73 12

Table 3.1 shows the values of dihedral angles with a comparison available from the

literature. A variation of values can be seen for the and dihedral angles. The results
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obtained here match the results obtained by Skovstrupet al.[104] who used implicit

solvent MD/MC simulations. The dihedral angles oscillate during the simulation, hence

a range of values is obtained, instead of a singular value. The and values for

chitin dimers compared to chitosan dimers indicate the structural di erence around

the glycosidic linkage. The molecules solvated in water have higher exibility than the

polymer chains found in water, which explains the di erence between the experimental
and the simulation data. Chitin has a higher population of negative values for angle

due to the presence of the intrachain O5 { OH3-0O3 H-bond and exoanomeric e ect,
this is consistent with results obtained for hexamers[105].

Naumov et al.[72] developed and used the GROMOS56acarbo force eld in GRO-
MACS MD, with SPC water. Their results are overall comparable to the results ob-
tained here, with an excellent agreement for the P+P dimer and CHT molecule. How-
ever, they obtain the same result for ® and P distribution they obtain for chitin and
chitosan molecules. This can be explained by the lack of detailed parameterisation for

the acetyl residue in chitin.

10-mers

Figure 3.5: Snapshots of the simulated 10-mers. Hydrogen bonds shown as dashed red
lines.
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The snapshots of the 10-mer oligomers during the simulation are shown in Fig.3.5.
chitin and chitosan's persistence lengths are expected to be around 5 nm[106], which
is similar to 10-mers fully extended length ( 5.3 nm). Thus, it is expected that the
oligomers adopt mainly extended form as can be seen from the snapshots. The oligomers
containing P monomers exhibit higher exibility due to the presence of the chloride ions,
which can disrupt intrachain hydrogen bonding[107].

To further examine the structure of simulated 10-mers, the distribution of dihedral
angles , and was plotted and can be seen in Fig. 3.6. The range of the dihedral
angles observed is consistent with the typical distribution for the C1 to C4 linked
pyranose chains. As before, there is a lot of similarity between all four cases. Each
semi-transparent point on the graph represents one sampling of the dihedral angles
between two joined residues on the chain. The dihedral angles were sampled every 20
ps. Thus, the higher opacity areas in the graph indicated higher occurrence for the

speci ¢ con guration.

Figure 3.6: The distribution of dihedral angles and for the simulated 10-mers,
A - Al10, B - A5P5, C - NBA5, D - P10, E - N10. The snapshots illustrate ( , )
con gurations of interest.

In the case of the chitin oligomer (A10) the most likely con guration is around

(; ) (25; 50), with a signi cant population around (50 ;0 ) as well. Interest-
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ingly there is a small population around (60; 160 ), which indicates the presence
of local metastable energy minima. The completely protonated deacetylated chitosan
decamer has the highest population around (50,0 ). The chitosan decamer with 50 %
DA, P5A5 has the characteristics of both chitin and fully protonated and deacetylated
decamers, as expected. The tendency for angle in chitin to have a larger negative

population is consistent with the behaviour observed in dimers.

Crystal structures

Figure 3.7: -chitin nanocrystal during simulation.

Simulations of the crystal structures were conducted to study the solubility of chitin
and chitosan nanocrystals in aqueous solution. The two chitosan nanocrystals were
made of 3 6 10-mer long oligomers, while chitin nanocrystal consisted of a 44 10-mer
long oligomers. In all three simulations, all the surfaces were exposed to water which
had 0.15 mol L ! sodium chloride concentration. The chitin and neutrally charged
chitosan crystals,did not dissolve during the simulation. Fig. 3.7 shows -chitin crystal
during the simulation.

As can be seen, the crystalline structure remained largely unchanged with hydro-
gen bonding remaining stable for the duration of the simulation. The hydrogen bonds
during the simulation were analysed as shown in Fig. 3.8A. Here, the hydrogen bonds

can be classi ed as intrachain - these bonds stabilise the chitin's 2chain con guration,
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Figure 3.8: Hydrogen bond analysis for the (A) chitin monomer (residue 105) located
in the centre of the chitin crystal and chitosan neutral monomer located in the middle
of neutral chitosan crystal (B). The bonds are shown in donor-acceptor order. The
number in bracket refers to the residue number.

intrasheet - the hydrogen bonds which contribute to lateral stacking and the intersheet
bonds - which control the vertical stacking of the sheets. The chitin chain is stabilised
by the intra-chain O6{HO6|03 and O3{HO3|O5 hydrogen bonds. Intra-sheet hy-

drogen bonds are characterised by low occupancy O6{HO6|O6 bonds. The main

hydrogen bonds contributing to intersheet bonding are O6{HO6|06 and N{HN|O
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