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Abstract

Sodium alginate is a sustainable polymer that gels on contact with calcium ions. Al-
ginate is a polysaccharide composed of two monomers: «a-L-guluronate (G) and S-D-
mannuronate (M). The aim of this thesis is to investigate the impact of monomer type
and cation environment on alginate behaviour. Molecular dynamics was used to in-
vestigate the effects of these factors on alginate trimers in solution. G trimers formed
more buckled structures than M, as evidenced by the 5-8 % increase in end-to-end
distances. These values decreased in systems with calcium ions by as much as 3 %. In
systems with calcium ions, mixing of G and M trimers resulted in a 550 % increase in
trimer clustering compared to pure G or M systems, as shown by the number and size
of clusters that formed. To extend this work, the G:M ratio and cation environment
were examined experimentally. A design of experiments study investigated the effects
of different curing conditions on calcium alginate gel strength. Introduction of excess
sodium ions had a significant (p<0.05) effect on calcium alginate gel strength, inducing
an average decrease of 30.7 %. To examine this effect further, molecular dynamics was
used to compare 24-monomer G and M chains in stoichiometric and excess sodium ion
environments. Analysis of the radius of gyration and chain-chain radial distribution
functions showed that an increase in sodium ion concentration created more open G
structures with more G-G interaction and more closed M structures with less M-M in-
teractions. Systems with low sodium ion content presented with more favourable G-M
interactions, compared with G-G or M-M, as shown in the distribution functions. This
work has shown that excess sodium ion content and blended G/M polymer interactions,
which have previously been overlooked in alginate research, contribute extensively to

sodium and calcium alginate properties.
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Chapter 1

Introduction

1.1 Plastics in daily life: virtues and vices

Plastics are one of the most widely used materials in production today, with some
marking this era as the “Plastic Age”[2]. First manufactured in the 1860s, the an-
nual production of plastic is continually increasing, reaching over 400 million tonnes in
2023([3].

There are seven main types of plastics that see the most use worldwide: polyethylene
terephthalate (PET), high-density polyethylene (HDPE), polyvinyl chloride (PVC),
low-density polyethylene (LDPE), polypropylene (PP), polystyrene (PS), and “other”
which includes polycarbonates[4]. The prefix “poly” in all these names refers to the
large number of repeating units which make up the molecules of a plastic. These
molecules are, more generally, called polymers.

Polymers are long-chain molecules composed of repeating units called monomers.
There is a multitude of ways in which the properties of a plastic can be altered: (i) using
different polymer lengths; (ii) combining different monomer types to form copolymers,
where two or more monomers are bonded together to form a combined polymer, or
blended polymers, in which the individual polymer types are mixed; (iii) introducing
additives such as fillers, which strengthen a polymer network, or plasticisers, which
increase flexibility; and (iv) through external processes such as heating or mechanical
manipulation[5, 6].

The ability to alter the properties of the polymer system, of which a plastic is
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composed, gives them numerous benefits as materials and makes them preferable over
other materials to manufacturers. Some of these beneficial properties include that
plastics are commonly easily processed, light-weight, tough, flame-retardant, insulating,
readily produced in a range of colours and transparencies, and weather resistant|7].
While more traditional materials such as metal, wood, and glass may each have a few
of these advantageous properties, plastics can combine them all.

The preference for plastic can extend to the consumer. It has been shown multiple
times in multiple cultures that consumers prefer plastic packaging and bags over alter-
natives for the same reasons as manufacturers[8-10]. Additional advantages reported by
consumers include convenience, option for resealability, and hygienic properties[8-10].

Despite all these advantages, anti-plastic campaigns are growing, with many organ-
isations such as Greenpeace, the UN Environment Programme, the European Environ-
ment Agency, and the WWF advocating for a reduction or removal of plastics from our
every day lives[11-16]. The basis of these aims lies within one of the coveted advan-
tages of plastic products: their durability. Plastics are so resilient against degradation
that they can exist in nature for hundreds of years without ever fully degrading. They
instead form smaller and smaller particles called microplastics. In 2023, less than 9 %
of commercial plastics were recycled into new products, meaning that plastic waste
most commonly ends up in landfill, or discarded into nature. Microplastics have been
found at 8 km above and 10 km below sea level, on Mount Everest and in the Mari-
ana Trench which shows the extensive reach of these pollutants and how quickly they
have dispersed into isolated environments since their manufacture less than 200 years
ago[17, 18].

The start of a plastic’s life can be just as problematic as its end: in 2023 over 90 %
of plastics were petrochemically derived, i.e. they are produced from fossil fuels, a finite
resource[3]. Estimates on how much fossil fuel is left give only decades before there is
no option but to find an alternative.

It is vital, therefore, that alternatives to plastic production, waste management,

and products themselves are found and optimised.
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1.2 Moving away from fossil fuels

As a response to the United States of America’s Pollution Prevention Act 1990, and
the subsequent rise in awareness of eliminating waste by improved design, instead of
through treatment and disposal, Paul T Anastas and John C Warner published their
twelve principles of “Green Chemistry” in 1998[19]. While all the principles should be
applied to any manufacturing process, some are of particular interest when discussing
plastics: (i) use of renewable feedstocks in place of finite raw materials, and (ii) design
for degradation so that the product and its degradation products are not toxic, bio-
accumulative, or environmentally persistent.

Following the principles of “Green Chemistry”, research has become increasing
prevalent in finding alternative plastic production methods and products. This re-
search takes many forms. Recycling methods now include mechanical, chemical, and
biological for the seven most common plastic types with much discussion on the advan-
tages and disadvantages of each and how they can be improved|[20-22]. The common
plastic types are also being partly or wholly produced from renewable sources, such as
through bacterial excretion or from processing glucose from sugar cane[20, 23|.

Another way in which research is driving the replacement of fossil fuels as a plastic
feedstock is by replacing commonly used plastics altogether. With the aim of replacing
petrochemical plastics, polymers found naturally in the environment are being stud-
ied. These polymers are varied in their abundance and sources. Cellulose is the most
abundant organic polymer in nature and is found in aquatic and terrestrial plants and
provides most of the structural integrity in the latter[24, 25]. Chitosan is found in
the shells of crabs, lobsters, prawns, and less commonly, in the walls of some fungus
species[24]. Pectin can be extracted from the skins of fruits such as lemons and apples,
and carrageenan is extracted from red seaweed[24].

Of the bio-derived polymers, alginate is one of the least researched for replacing

petrochemical plastics.
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1.3 Alginate as a petrochemical replacement

Alginate is a non-toxic and readily biodegradable substance, making it an ideal can-
didate for petrochemical plastic substitution[26]. Alginates are polysaccharides which
are wholly or partly deprotonated on their carboxylic groups; alginic acid is the pro-
tonated form. Some of the salts, such as NaT-alginate, are water-soluble. Alginic acid
and other salts, such as Ca?T-alginate, are water-insoluble. They are primarily derived
from brown algae genera such as Laminaria hyperborean and Ascophyllum nodosum,
both of which are native to the coasts of the United Kingdom [27-29]. It can constitute
up to 40 % of the dry matter in these plants and exists most commonly as a mix of
Ca?t, Mg?*, K+, and Na™ salts[30, 31]. Alginate can also be produced by two genera of
bacteria: Pseudomonas and Azotobacter, although these are used much less commonly
compared with algal sources due to their lesser abundance and extraction efficiency,
and the common occurrence of O-acetylation (a CCOHgz group on a hydroxyl group)

on the molecule which does not occur in algal-sourced alginate[32-34].

1.3.1 Alginate structure and function in algae

Alginate is a linear co-polymer that consists of two constituent monomer types which
are both uronic acid residues: a-L-guluronate (G) and g-D-mannuronate (M). The
residues are epimers of each other with the stereogenic centre on the ring carbon adja-

cent to the carboxylate group as shown in Figure 1.1.

COOr
O, OH O, OH
COoOr
OH OH OH OH
OH OH
a-L-Guluronate (G) B-D-Mannuronate (M)

Figure 1.1: a-L-guluronate (G) and S-D-mannuronate (M) which combine to create
alginate chains. The carboxylate groups, which present with different configurations
between the monomers, are highlighted in red.

The “L” and “D” labelling refers to the direction of a hydroxyl group in the
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monomers’ linear Fischer projections. “L” refers to the latin laevus meaning left, and
“D” denotes dexter meaning right. The direction is based on the same property in
glyceraldehyde, a simple molecule used for comparison in the labelling process. The
group of interest is the C-O-C oxygen atom (shown in Figure 1.1): for M molecules, the
projection matches that of D-glyceraldehyde and for G it matches L-glyceraldehyde.
The a and S labelling of these molecules refers to how they bond. Alginate
monomers bond through 1-4 glycosidic links, a covalent bonding type which links the
C1 atom of the 1’-end monomer to the C4 of the 4’-end monomer. When the OH group
on the C1 carbon is below the monomer ring it is an a-glycosidic bond, and when it is
above the monomer ring, it is a S-glycosidic bond. Examples of these different bonding

types, and the atom and monomer labelling used, are shown in Figure 1.2.

M-M
coo
O OH
coor OH OH
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G-M M-G
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OH 0 O, OH 0 o (o)
a OH OH OH OHY B
0 OH OH
OH OH OH OH

Figure 1.2: Examples of a- and (§-glycosidic links with atom and monomer labelling.

While the exact biosynthesis pathway which leads to alginate creation in algae is not
fully understood, it is believed that alginate is first produced as a poly-M chain, with
no G residues[35, 36]. These chains are then epimerised to include G monomers|35, 36].
The epimerases involved in this process create different M /G patterns and ratios in the

alginate chains depending on which specific enzyme is active; some of these enzymes
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produce only G blocks, others produce alternating G-M blocks[35, 36].

It is also not fully understood why algal plants produce different forms of alginate
in this way but it has been found to be dependent on many factors. Different G/M
ratios and patterns were found in algae of different species and ages, in different parts
of the plant, and in algae that was harvested in different locations and seasons and
where the water had different levels of turbulence and salinity[35, 37].

Due to their growth occurring solely in water, the molecules that give brown algae
their structure need to be more flexible than those on land. Cellulose, which does occur
in algae in relatively low quantities but is the primary structure-providing molecule in
terrestrial plants, cannot provide the level of flexibility needed, and so alginate takes
its place. One of alginate’s greatest benefits is its customisability that allows the
algae plants to fine-tune their flexibility and stiffness. G blocks bond to form buckled
structures whereas M blocks form flat, ribbon-like structures, and G-M bonding is a
mixture of these two. This is shown in Figure 1.3, which shows a G-G-G-M-M-M chain.
It is thought that the buckled structures in G blocks are less flexible than the ribbon-
like structures of M blocks and offer more strength than their M counterparts, but in
contrast, the M blocks provide a much needed flexibility that can help the plant cope

with, for example, high water turbulence[l, 30].

OH HO

Figure 1.3: A G-G-G-M-M-M alginate chain showing the relatively buckled and
straight-chain structures in G and M blocks, respectively, and the combination struc-
ture of a G-M linkage [adapted from [1]].

1.3.2 Alginate film forming behaviour

Most of the attention and research around alginate exists because of its gelling and

film-forming abilities which are what make it an interesting candidate for petrochem-
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ical plastic replacement. Alginate can form films via two distinct mechanisms: acid
precipitation and crosslinking with cations. Both gel types are thermo-irreversible,
insoluble in water, and can form over a wide temperature range[38—40].

Acid precipitation occurs through protonation of the carboxylate groups along the
alginate chains[40]. This is achieved by reducing the pH of the alginate solution to
below the disassociation constant, pK,, which has been found to be 3.65 and 3.38
for G and M residues, respectively[40, 41]. This process forms alginic acid, collapses
the electrostatic repulsion between the chains and instead creates a hydrogen-bond
crosslinked network[40].

The second method is through multivalent cation crosslinking. The negatively
charged groups along the alginate chain, primarily the carboxylate groups, on mul-
tiple different chains interact with a multivalent cation and form a network through
these electrostatic interactions. It has been noted that the affinity between alginate
chains and divalent cations increases in order of Hg?t, Mg?T < Mn?*t < Zn?*, Ni?*,
Co*t < Fe?T < Ca?t < Sr*t < Ba?T < Cd?T < Cu®T < Pb?T[40, 42-44]. The most
commonly used ion for this purpose is Ca?* due to it’s non-toxicity and availability[40].

Both gelling methods present with gel strength proportional to the G content of
the alginate but this effect is less pronounced in acid precipitation than in cation
crosslinking[38-40]. This is thought to be due to the bonding structures which G
and M residues form, discussed above, and shown in Figure 1.3[1, 30, 38-40]. Along
with forming stronger but less flexible structures than M blocks, G blocks also have the
ability, through their buckled bonding structure, to form junction zones which enable
more secure chain-cation-chain interactions to form but also aid in producing strong
interchain hydrogen bonds in the acid precipitation gelling method[38-40].

It is widely believed that these junction zones allow the formation of the “egg-
box” model, proposed in 1973[45], of alginate-cation interaction as demonstrated in
Figure 1.4. The “egg-box” model consists of the buckled poly-G chains forming dimers
in which each junction zone has a Ca®* ion which mediates the chain-chain electrostatic
interactions. By using an Atomic Force Microscope to bring oligomers of G blocks

together in the presence of Ca?T ions and then pull them apart after different amounts
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of time, Bowman et al. (2016) showed that a minimum length of eight monomers
is required in two poly-G chains to create a stable G-Ca?*-G interaction, which was

presumed to represent the “egg-box” model[46].

(ST

LTe)

o

Figure 1.4: The “egg-box” alginate-Ca? ion interaction model which shows the buckled
bonding structure of G block alginate forming junction zones which accommodation
Ca?T ions well.

Alginate is most commonly distributed as Na*-alginate. There are several methods
of converting a solution of NaT alginate to a Ca?T alginate gel. Perhaps the simplest
is by putting a Nat-alginate solution into contact with a Ca?* source and allowing
the Ca?t ions to diffuse through the alginate network[38]. On contact with Ca2*,
alginate will form a gel instantaneously which can make forming uniform, defect-free
gels difficult. A Ca?* chelator such as ethylenediaminetetraacetic acid (EDTA) can
prevent the Ca?t interacting with the alginate until it has been fully dispersed at
which point the solution is acidified which releases the Ca?* ions and allows gelling to
occur[38, 47]. Another way to introduce Ca?* to alginate without having instantaneous
gelling is to heat the solutions; this keeps the molecules in thermal motion until the
Ca?* has fully dispersed, at which point the solution can be cooled [38].

Water is retained within the network through hydrogen bonding between alginate
and water molecules. During the process of alginate-Ca?* crosslinking, the network

contracts and water is pushed out of the gel. This is called syneresis and the extent
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to which it occurs is dependent on the M:G ratio and bonding pattern, the molecular

weight of the alginate, and the Ca®T concentration[38].

1.3.3 Current uses of alginate

Alginate has been in commercial use for approximately a hundred years and is currently
used in a variety of different industries including food and medical[48].

Some of alginate’s most common uses are as a thickener, stabiliser, or gelling agent
in food products such as jellies, mousses, and dairy products[38]. Alginate has also
been widely studied as an edible film and food coating in which it extends shelf-life
of fruit[27, 49-55], raw fish[27, 56—62], raw meat[27, 63—-66], preserved meat[27, 67—
69], and cheese[27, 70]. The alginate itself is used as a hygroscopic barrier between
the food and external environment to prevent dehydration and slow oxygen access
to the food. Alginate cannot be used non-specifically as shown in some studies that
found that an alginate coating on it’s own aided microbe growth and therefore food
degradation[62, 71]. In most of these studies, the alginate coating itself was shown
to have no or minimal effects in reducing degradation in the food product[49-61, 64—
66, 69, 70, 72]. Therefore, active ingredients are added which can boost this effect and
provide beneficial properties.

The ability of alginate to hold and slowly release active ingredients in this way also
makes it useful in the medical and material industries for encapsulation and controlled
release, and as a carrier for material-improving properties. The active ingredients used
in the food and medical industries are often chemicals which posses anti-bacterial, -
fungal, -microbial, -oxidant, -mutagenic, or -carcinogenic properties but are volatile or
unstable, hence their requirement for controlled, sustained release. Other active ingre-
dients include sensory additives (that smell, taste, or look good), vaccines, vitamins,
drugs, probiotics, cosmetic ingredients, and flame retardants[32, 73-93].

Alginate’s non-toxicity and hydrogel properties are often utilised in medical appli-
cations where it can be used for 3D printing of synthetic vascular tissue, bone, and
cartilage, wound dressing, dentistry moulds, and in products which prevent gastric

reflux[32, 89, 94-97]. Alginate also has antiviral properties due to its ionic polysaccha-
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ride nature which can affect viral integrity and disrupt virus-host interaction[32, 98].
Outside of these more prominent uses in food, materials and medicine, alginate has
been used as a binder for 3D printing colourant, as a biosorbent for heavy metal and
methylene blue removal, and in the fabrication of metal hollow spheres[32, 99-101].

Alginate possesses many good qualities which have already been discussed: it’s
sustainable source from seaweed, non-toxicity, biodegradability, storage and slow release
of active ingredients, and ease of film-forming. Alginate’s main obstacles to being
used in even more applications, and being used more commercially, lie in its non-ideal
mechanical properties and its hygroscopicity[102, 103]. While the hygroscopicity of
alginate can be a strength, as in reducing moisture loss of coated fruit, it also causes
swelling, weakening, and can allow the transport of water-soluble substances through
the gel[104-106]. The non-ideal mechanical properties of alginates are more wide-
ranging. The main issues are the brittleness and lack of toughness which are present
in pure alginate gels and films which is most obvious when they are dried, although
the instability over time which arises from environmental sensitivity (moisture, ion
presence, pH) is also a contributing factor[107-109]. Research has been conducted
to reinforce alginate products and reduce their hygroscopicity by introducing another
polymer (in a co-polymer or a blend), plasticisers, and/or fillers into the system but
this is far from fully described or optimised[102, 110-117].

While these studies and alginate’s use in the food industry show a practical un-
derstanding of alginate and its functions, there is still a lot which is not known about

it.

1.3.4 Gaps in the knowledge of alginate

From the start of an alginate product’s lifetime, there are issues and unknowns. To
extract alginate from an algal source there are several processing steps which are now
being analysed for their sustainability[118]. From the balance of transportation cost
saving when the biomass is dried compared to including a cost-intensive drying step in
the process, to the long extraction times, high solvent use, and use of toxic chemicals

common in conventional extraction techniques, alginate extraction has become a focus
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of “greener” processing research[118-120]. Novel alginate extraction techniques have
been shown to reduce extraction time, reduce solvent use, keep conditions closer to
ambient for the duration of the process, produce high purity alginate, and use green
solvents in place of traditional toxic ones such as formaldehyde and chloroform[118, 120—
128]. There is no standardised extraction process, however, and a scalable, green,
cost-effective process is yet to compete with the conventional methods[118].

From extraction to manufacturing, the customisability of alginate, while a very
interesting characteristic, provides challenges in product creation. Currently there does
not seem to be a way to analyse alginate batch-to-batch to describe its composition
further than the percentage G content and molecular weight[129]. The way alginate is
processed and extracted from algae can affect it’s composition, as can the algae itself,
and its environment. It is therefore essential to have a description of what the final
alginate product is so that it can be treated in the relevant way[129-131].

Once the product is created, there are knowledge gaps in current uses of alginate
which need further investigation before it can be implemented as widely as alternative
materials. These unknowns include biological processes such as controlled biodegra-
dation in mammals who do not have alginate lyases, and information on how alginate
interacts and reshapes the human microbiome[132-135]. There are also questions about
ion exchange, swelling, and active ingredient binding in alginate drug carrying [136],
and a lack of mapping of alginate properties versus desirable product characteristics in
this industry [137, 138].

Some examples of this missing knowledge come from a lack of understanding of the
very basic structural and molecular properties of alginate, including the behaviour of
both G and M chains in the system, gelling mechanisms, ion interactions, and structural
models, such as the “egg-box” model. While it is clear from practical use that G chains
offer a more viscous liquid and a stronger gel, the molecular basis for this in Na™ and
Ca?T alginate systems is unclear. The differences in behaviour of alginate systems with
Na™, Ca?T, or both ions are essential in applications such as drug release and product
stabilisation [136], and yet these systems are not well understood at a molecular level.

In particular, the “egg-box” model, which is widely discussed and referenced, is more

11
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of a useful picture rather than a definitive and carefully studied binding method, and
it is still debated in the literature[139-146].

These fundamental properties can be difficult or impossible to study in an experi-
mental setting due to the high resolution and level of detail required. Computational
methods, which are becoming increasingly useful and accessible, allow a molecular, or
even atomistic, view of a system and allow the analysis of these fine details such as
atom movements, bonds, and interactions. Some computational simulations of alginate
have been completed, but there are relatively few of them and in many cases there is a

lack of consensus between the studies[141, 146-152].

1.3.5 Thesis aims and objectives

This project was funded by the Biotechnology and Biological Sciences Research Coun-
cil (BBSRC) and Industrial Biotechnology Innovation Centre (IBioIC). The IBioIC
pairs academic research facilities with companies to help foster industrially relevant
partnerships and research. Through this collaboration, this work was partnered with
OCEANIUM®), an innovative seaweed ingredient developer. The simulation work was
proposed to help OCEANIUM®) understand alginate better, a product they produce
in large quantities and have less use for than other products. The experimental work
was carried out with, and guided by, OCEANIUM@®) with the aim of helping them
develop new and better products.

In this thesis I aim to investigate the impact of monomer type and the presence and
concentration of Na™ and Ca?T ions on the behaviour of alginate. These aims were

realised through the following objectives.

1. The collection of alginate, water, and ion parameters coupled with the calculation
and optimisation of partial atomic charges on alginate molecules to produce a

validated general alginate model for use in computational simulations.

2. Molecular dynamics simulations to investigate the differences between systems

with G, M, or both residue types, and with either Na™ or Ca?* ions.

3. Extending this computational work into an experimental study which investigated

12
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similar systems in addition to conditions used to cure Nat-alginate to Ca?*-

alginate in a systematic and comparative study.

4. Using the previous simulation and experimental work to guide further computa-

tional investigations of systems with differing G, M, and ion compositions.

This thesis follows the same structure as described in the objectives above, with a
general methodology section following this introduction. The methodology outlines the
underlying processes and calculations used in both the computational and experimental
studies with the specific methodologies included in the relevant chapters. Chapter 3
describes the work done in calculating and optimising the alginate charges for use in
simulation work and Chapter 4 presents the first set of simulation work which inves-
tigates different alginate systems. To guide further simulation work, the next study,
presented in Chapter 5, was experimental and details the effects of different curing con-
ditions on Ca®*-alginate gel strength. The second simulation study focuses on the most
interesting results from both these previous chapters, and is presented in Chapter 7.
Between the first and second simulation studies, the software used for these studies was
changed. The details of, and the reasons behind this change are presented in detail in

Chapter 6.
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Methodology

2.1 Overview of methodology

This thesis uses both experimental and computational methods, with Chapters 3, 4, 6,
and 7 presenting details of molecular dynamics (MD) simulations, and Chapter 5 pre-
senting a design of experiments (DOE) study. In this chapter, the fundamental pro-
cesses and calculations involved in MD and DOE are presented. More specific method-

ologies are given in Chapters 3-7.

2.2 Molecular dynamics simulations

This section will outline the general MD methodology applied within Chapters 4, 6,
and 7, and discussed in Chapter 3. We start with the theoretical foundation of MD, how
it works, and what we need to create a system, before briefly discussing the analysis

techniques and software that were chosen for this project.

2.2.1 Foundation of molecular dynamics

MD is a computational method which allows the simulation of atoms, molecules, and
systems. It is a useful tool to look at the fine details of a system, allowing the visuali-
sation and analysis of each atom and bond as required. To begin a simulation, several
inputs are required: (i) initial positions and velocities of all atoms in the system, (ii)

atom properties including types, masses, radii, and interaction affinities, (iii) properties
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of bonds between 2-4 atoms including equilibrium lengths and angles, and resistance
to change, and (iv) details of what calculations and processes should occur during the
simulation. The details of points (ii) and (iii) in this list are contained in the force field
which is used to model the species within the system. Force fields will be discussed in
more detail in Section 2.2.2 following an overview of how systems develop in MD.

Initial positions of all atoms in the system should be reasonably realistic, with no
atom overlaps or molecule entanglements. This prevents overly large initial forces being
created which can cause instabilities in the system. This is relatively simple as most
MD software packages have commands which allow the addition of molecules randomly
in a system without overlap with existing atoms[153, 154].

Initial velocities are often assigned according to the Maxwell-Boltzmann distribu-
tion, shown in Equation 2.1. T is the target temperature of the system, P; is the
probability distribution of the velocities and kg is the Boltzmann constant. Each com-
ponent of the velocity sampled is assumed to be statistically independent, so each is

sampled from a one-dimensional Gaussian distribution which is related to the target

() ()
2 2

_ b (2.1)
b= kT
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temperature.

Newton’s Equations of Motion (EOM, shown in Equation 2.2) are used to determine,
for each atom 4, the (i) force (F), (ii) resulting velocity (v), and (iii) destination (r)
after a short time step. a is the acceleration, m is the atom mass, and F, r, v, and a

are vectors each with x, y, and z components.
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There are several different methods used to solve the EOM in MD. Perhaps the
simplest is the standard Verlet integrator which uses the current and previous positions
and current forces to compute new positions with Equation 2.3[155]. Velocities are not
explicitly used in the integration step and must be estimated afterwards. The standard
Verlet integrator is therefore not ideal for use with thermostats and barostats which
require velocities; this is discussed in more detail in Section 2.2.3. It is, however, simple
and stable when used with a small time step (At) and is good for energy conservation

over long timescales.
F(t
r(t+ At) =2r(t) —r(t — At) + 77(”L)At2 (2.3)

The Verlet algorithm evolved into the Leapfrog Verlet algorithm, which calculates
the velocities at half time steps (¢ + 3At) and the positions at full time steps (¢ +
At)[156, 157]. This reduces numerical error propagation and works well at preventing
energy drift over long simulations[156, 157].

The most common integration algorithm used in MD simulations is the Velocity
Verlet algorithm which updates the positions and velocities together at each time step,
as shown in Equation 2.4[156, 158]. The benefits found in the standard Verlet algorithm
are preserved in the Velocity Verlet algorithm however the Velocity Verlet algorithm is

more compatible with thermo- and barostats due to its velocity tracking.

r(t+ At) =r(t) + v(t)At + %a(t)Atz .
2.4
vt +Af) = v(t) + % [a(t) +a(t + An)] At

Other MD integration algorithms include stochastic integration or multiple time
step integration. Stochastic algorithms use random noise and friction terms, which dis-
rupt system dynamics, so that temperature is controlled directly in the algorithm[156].
Multiple time step integrators are often used in large biomolecular simulations to reduce
computational cost. In these methods, fast and slow forces are integrated separately:
bonded interactions are calculated on short time step intervals and non-bonded forces

use a longer time step[156].
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For all of the above integration algorithms, the choice of time step is vital. If a time
step is too big, the particles can move too far in a single step, produce artificial effects
such as particle overlap and unrealistically large forces, and the system can become
unstable. If the time step is too small, computational power is used in calculating
atom movements, velocities, and forces which are not different enough from the previ-
ous time step to be interesting. Beyond a certain point, reducing the time step does
not, therefore, improve accuracy, and instead it can cause rounding errors which may
accumulate over long time scales.

It is common in all-atom MD to use a time step of 1-2 fs. In systems with less detail,
a larger time step may be useful. A 1 fs time step might be used when no atoms are
constrained so that the fastest motions (usually hydrogen atoms) are captured. A 2 fs
time step is more common when fast moving bonds are constrained because simulation
speed is increased while maintaining bond vibration details.

It is also important to decide how many time steps will be integrated over within
the simulation. Simulation timescales can range from femtoseconds to microseconds
depending on the resources available and the interesting timescales applicable to the
system. In systems with relatively small polymer chains in water, a timescale range of
10-200 ns is common[150, 151, 159]. Ideally a total simulation time is chosen which is
long enough to produce ergodicity, in which the system explores all accessible states
and time-averaged properties reflect true physical properties of the system. Scales into
microseconds would be ideal for polymers as this means the system would be reaching
full relaxation but available computational power can limit this[160, 161].

Energy minimisation to remove unfavourable conformations, and equilibration MD
are common precursors to production MD runs in which data is extracted for analysis.
Equilibration is the point at which all memory of the initial configuration has been
lost[156]. There is no definitive equation to follow to ensure that equilibration has been
reached but using thermodynamic quantities and allowing them to stabilise around
the target value is common practice[156]. Ideally, all system qualities are analysed to
ensure equilibration is reached, where stabilisation is usually the equilibration marker.

The outputs from simulations are commonly the trajectory which details the x, y,
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and z coordinates of each atom at different time steps in the simulation, the thermo-
dynamic properties such as temperature, pressure, volume, and energy, and any other
user-defined outputs specific to the system and methodology being applied.

As mentioned, the force experienced by each atom is key in progressing MD method-
ology. A collection of parameters and equations, unique to each system, is employed

to calculate the forces acting on each atom. This collection is called the force field.

2.2.2 Force Fields

The force on each atom in a simulated system is found by calculating the negative
gradient of the potential energy surface for that atom at that time step[156]. This is

shown in Equation 2.5 where V is the potential energy at position r.

F; = -V, V(r) (2.5)

There are three classes of force field, each with its own functional form to solve
Equation 2.5[156]. Class II and III force fields offer better accuracy where, for exam-
ple, there is deviation from ideal harmonic approximation or the inclusion of reaction
chemistry. Both these classes, however, come at a increased computational cost. This
work uses only Class I force fields, which balance speed and accuracy, and take the
form of Equation 2.6 in which the energy potential is composed of the bonded and

non-bonded energies[156].

‘/total = ‘/bonded + Vnonfbonded
Vi)onded = ‘/bond + Vangle + Vdihedral + ‘/improper (26)

Vnon—bonded = VLennard—Jones + VCoulombic

Atom types

Atom types are used throughout force fields to distinguish what type of atom, not
just which element, is being described. Many different “types” of one element can

be described by a force field, where the differences usually arise due to their bonding
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environment. Every atom in a simulated system is designated an atom type which
complies with the force field’s description of that atom. Each parameter is then specified

based on these atom types.

Bonded potentials

Bonded potentials arise when atoms are bonded to each other. There are four ways in
which they are described: (1) stretching of a bond between two atoms, (2) bending of
an angle between three atoms, (3) torsion in a proper dihedral (commonly referred to
as just a dihedral) between four atoms bonded linearly, and (4) torsion in an improper
dihedral (improper) between four atoms in which three atoms are bonded to a central
atom. Visuals of these bond descriptions and examples of their different states are
given in Figure 2.1.

Class I force fields, as used in this work, implement Equations 2.7-2.9 for the bonded
potentials where Equation 2.9 is used for both proper and improper dihedrals[156]. k,
with its various subscripts, is the force constant and represents the resistance to change
within the bond length, angle, or rotation. A large k value means that the bond is
“stiff” and resists deformation. [© and 6° represent the equilibrium values of the bond
length and angle. The force field parameters used for dihedrals and impropers are the

periodicity (n) and phase shift (7).

1
%ond = §kb(l - l0)2 (27)
1
Vangle = ika(a - 90)2 (28)
1
Viinedrat = Skan [1 4 cos(nw — )] (2.9)

Non-bonded potentials

Non-bonded potentials describe the repulsive and attractive forces which exist between
atoms that are not bonded to each other. The Lennard-Jones (LJ) potential (Equa-

tion 2.10) describes the short-term (Pauli) repulsion and longer-range attractive forces
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Bonded
Potential Type

Bond Stretching

Example State 1 Example State 2
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Angle Bending 0 o 0

Proper Dihedral 0 ﬂ)
Torsion 0 0
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| %Yo @
Improper Dihedral 6 0

Torsion o

Figure 2.1: Example states of each of the different bonding potential types, with their
defining parameter labelled.

(dispersion) which arise from the atom size and polarisability, where 7;; is the distance
between the centres of atoms ¢ and j[156]. o and € are shown in Figure 2.2 where o is
a representation of an atom’s size and €, the potential well depth, is a measure of the

attraction between two atoms.
Vig = 4e;j [<Z]> - <Z]> ] (2.10)
Tij Tij

The parameters ¢ and € are described in force fields as the distance and attraction
between two of the same atom. When the interaction is with a different type of atom,

the parameters for the two interacting atom types need to be combined to describe
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Figure 2.2: A depiction of the Lennard-Jones potential showing o and e. There is
an area of repulsion when the two atoms in question are too close to each other and
experience overlap, followed by attraction until the atoms are too far apart to “see” or
influence each other.

this relationship. While there are a few methods of combining ¢ and e for unlike atom
types it is dependent on what the force field being used was parameterised with. The
Lorentz-Berthelot combining rules, shown in Equation 2.11, are the most common; o;;
is calculated using the arithmetic mean and ¢;; is calculated using the geometric mean
which means that the size of the two interacting atoms is the average of the individual
atom sizes and that the interaction strength is proportional to the compatibility of the
two atom types. These rules are commonly applied due to their simplicity, widespread
compatibility, and because they generally give acceptable results for biomolecules, and

small molecules in solution[162].

_ Oii + 0jj
2 (2.11)
€ij = \/€ii€jj

The Coulombic potential, shown in Equation 2.12, describes the attractive and re-
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pulsive forces felt between two atoms due to their charge; ¢ is the atom charge, and ¢,
separate from e in Equation 2.10, represents the vacuum permittivity or electric con-
stant which is a measure of the ability of space to permit electric field interactions[156].

qiq;
dmegri;

VCoulombic = (212)

The charges in Equation 2.12 refer to the atomic partial charges on each atom.
Atomic partial charges arise due to asymmetry of electrons involved in atom bonding.
Typically these are treated as fixed in MD simulations which allows the simulation of
much bigger systems compared with density-functional theory (DFT) or other quan-
tum methods which include the simulation of electron movements. For well studied
molecules such as protein, nucleic acids, and amino acids, the partial atomic charges
are commonly included in the force field documentation. For less studied molecules,
such as alginate, these charges need to be calculated by the user. Chapter 3 details the

calculation of partial atomic charges for alginate.

Cut-offs and constraints

To increase speed and reduce unnecessary calculations while maintaining accuracy
within the simulation, it is common to apply cut-offs to the non-bonded potentials.
LJ interactions are usually not calculated past a cut-off of 9-12 A because, at this dis-
tance, both the attractive and repulsive terms become very small and are often smaller
than kpT which represents the thermal noise[163].

It is also common to split short- and long-range electrostatic potentials to maximise
efficiency. Short-range values, usually also up to a cut-off of 9-12 A, are calculated us-
ing Equation 2.12[163-165]. Long-range values, at distances above the cut-off, are
commonly calculated in Fourier space where waves account for repetitions and reduce
the calculation time[164, 165]. Short-range potentials are not calculated in Fourier
space due to the higher variation which means Fourier methods are slower and less
accurate[164, 165]. Fourier methods for calculating electrostatic potentials include

the Particle Mesh Ewald (PME) and Particle-Paricle Particle-Mesh (PPPM, P3M)
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methods[165]. These methods are essentially the same although PME does offer some
efficiency advantages over PPPM.

For similar reasons of reducing computational expenditure while maintaining accu-
racy, it is also common to constrain bonds which do not add necessary detail to the
system. When a time step is chosen which does not allow the very fastest motions in
the system to be described well, it is common to “freeze” or constrain these motions.
Common motions to constrain are hydrogen atom bonds such as C-H or O-H, including
in water molecules. Removing the bond and angle vibrations in water molecules can
massively increase simulation speeds especially if there are numerous water molecules
in the system.

There are a few common algorithms which are used to add constraints to a system.
SHAKE and LINCS correct each constrained bond in each time step. LINCS is faster
and more stable than SHAKE for large systems because it is non-iterative and typically
requires one calculation per time step; SHAKE is iterative[166, 167]. LINCS is, however,
less accurate for very stiff bonds. While SHAKE and LINCS can both be used to
simulate rigid water molecules, it is often preferred to use the SETTLE algorithm
which is an analytical solution specifically for rigid water molecules[168]. SETTLE
calculates the water’s oxygen atom position and velocity at each time step as it would
any other particle in the system following the chosen integration algorithm. It then
computes the rotation of the hydrogen atoms around the oxygen based on angular
momentum conservation before correcting the positions of the hydrogen atoms relative

to the oxygen atom to conserve the rigid bond and angle parameters[168].

Force fields used in this project

Throughout this work, the GLYCAM-06j force field[169] was used to model algi-
nate. GLYCAM is part of the Assisted Model Building with Energy Refinement
(AMBER)[162] repository and is specific to carbohydrates. This force field was chosen
due to its previous use with alginate[170-172] and its inclusion of pre-defined uronic
acids[169]; alginate is not included in this but it does show that the force field has been

validated extensively for alginate-like molecules. Other force fields have been used in
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literature for alginate systems such as CHARMM][173-175] and OPLS[152, 176, 177],
although these force fields are more applicable to systems containing proteins, nucleic
acids, and lipds, and organic liquids, respectively.

The parameters used to model Na®, Ca?t, and Cl~ ions in this work are rec-
ommended by AMBER because they were used in the parametrisation of GLYCAM-
06j[162]. These parameters were presented in work by Li et al. which used free-energy
perturbation in different explicit water models and evaluated ion-oxygen distances to
produce ion parameters which replicated experimental values[178, 179].

It is possible to model water implicitly as a featureless continuous medium which
reproduces net thermodynamic and screening effects. This method has been used in
alginate work before, primarily to simplify the system[148, 149]. This is a debated
method as water molecules are essential in alginate-alginate and alginate-ion interaction
mediation. Most previous work, therefore, has employed an explicit water model in
which each water molecule is modelled individually[150-152, 180-182]. An explicit
water model was therefore used in this work.

AMBER used the well-established, explicit, Transferable Intermolecular Potential
with 3 Points (TIP3P) water model[183] in parametrising the GLYCAM-06j force field.
TIP3P was first proposed to allow more efficient simulation of water. The model
assumes that each atom on the molecule has a fixed point charge, that the molecule
is rigid, with fixed bonds and angle, and that the interactions involved are solely non-
bonded[183].

The parameters used in the GLYCAM-06j, ion, and water models are listed in
Appendix A.

2.2.3 Ensemble selection

In MD, three thermodynamic variables are controlled to fully describe the macroscopic
state of a system in statistical mechanics. The chosen three variables correspond to the
natural parameters of thermodynamic potentials such as internal energy, Helmholtz
free energy, or Gibbs free energy[156]. Each set of three thermodynamic variables,

when held constant in a simulation, is described as an ensemble. These include the
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microcanonical ensemble which controls the number of particles (N), the volume (V),
and the energy (E); the canonical ensemble (N, V, and temperature, T); the isothermal-
isobaric ensemble (N, T, and pressure, P); and the grand canonical ensemble (V, T,
and chemical potential, 11)[156].

Each of these ensembles can be used to represent a different real-world experiment or
process. For example, the canonical ensemble approximates an experiment undertaken
in a sealed container submerged in a heat bath, and many industrial, lab-scale, and
biological process use the same conditions as the isothermal-isobaric ensemble. To
apply these two ensembles, the N, V, T and N, P, T need to be able to be controlled,
respectively.

If the box which contains the simulated system had impenetrable sides, and the
atoms were enclosed, it would be hard to approximate or compare these small systems
to experimental or industrial work which occurs on much larger scales, as the interface-
volume ratio would be considerable higher than in an experimental system. To overcome
this challenge, we employ periodic boundary conditions (PBC)[156] which are used to
approximate bulk material behaviour by embedding the finite simulation box within
an infinite lattice of identical box replicas. Each particle, therefore, interacts with the
particles inside the primary simulation box and with the nearest periodic images of
particles in neighbouring cells[156]. When viewing the simulated system on it’s own
this phenomenon is seen as an atom leaving the system with a specified direction and
velocity, and re-entering the same system at the opposite side of the box with the same
direction and velocity. Volume is still controllable with PBC employed by altering
the size of the simulation box; molecules have a fixed space to move about in causing
pressure changes within the box.

Number of particles in the system is controlled simply by not adding or removing
any particles from the system during the simulation. Pressure in the simulation box
is calculated using the virial theorem, which describes how the kinetic energy and
interatomic forces contribute to stress within the simulation volume. Pressure and
temperature are controlled by using thermostats and barostats, respectively. There are

many different methodologies used in thermo- and barostats, each with advantages and
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disadvantages.

Thermostats

The Berendsen thermostat employs velocity rescaling[184]. This allows control of the
kinetic energy which directly links velocity to temperature. This is shown in Equa-
tion 2.13 where (K) is the total system kinetic energy and N is the total number of
particles in the system. The Berendsen thermostat suppresses fluctuations and there-
fore does not sample the canonical ensemble correctly. The V-rescale thermostat applies
the Berendsen thermostat but with a stochastic term which adds random noise but sam-
ples the canonical ensemble correctly; a velocity rescale is performed on the system,
usually every specified number of time steps and therefore allows the temperature to

fluctuate but produce an average of the target temperature value[185].

_ 2(K)
~ 3Nkp

T (2.13)

Extended system dynamics methodology, used by the Nose-Hoover and Andersen
thermostats, couples the system with a fictitious thermal reservoir. In the Nose-Hoover
thermostat, this reservoir is coupled to the system’s kinetic energy and alters it using
a friction-like term () as seen in Equation 2.14. This term changes with the system’s
kinetic energy; if the systems kinetic energy is too high, for example, £ will increase to
slow the particles down, and thus cool the system. The Andersen thermostat works in a
slightly different way, occasionally randomizing the velocities of a subset of the system’s
particles to mimic collisions with a heat bath. This disrupts the real dynamics within
the system and is therefore not suitable for all systems.

dv; F;

=y 2.14
i = om & (2.14)

Other thermostat methodologies include dissipative particle dynamics, configura-
tional, and hybrid methods. Configurational thermostats use positions and restraints

as well as velocities coupled to the temperature; this is most useful in a system where
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kinetic temperature is misleading, for example in non-equilibrium, or very constrained

systems.

Barostats

Most barostats work by allowing the volume (isotropic) and sometimes shape (anisotropic)
of the simulation box to fluctuate to maintain a target pressure. The system’s atom po-
sitions can then be scaled with the box size to maintain consistency. This is how both
the Parrinello-Rahman and Nose-Hoover barostats operate. Both of these barostats
handle realistic volume and pressure fluctuations well but only if they are correctly
tuned using the input parameters relevant to them.

Other barostats may use methods similar to the extended system dynamics ther-
mostat methodology detailed above, with the fictitious variable coupled with box size
rather than kinetic energy, or Monte Carlo methods in which a random new box size
is proposed and accepted or rejected based on an energy/pressure balance probability.
These methods are particularly suitable for non-cubic simulation boxes, coarse-grained

models, dense systems, or when Monte Carlo is used throughout the simulation.

2.2.4 Equilibration and production

As discussed above, it is important to ensure equilibration of the system has taken
place before simulating a production run. Equilibration is commonly split into several
stages including energy minimisation, NVT, and NPT runs, although this is dependent
on the system being studied. The goal of equilibration runs is to remove any unphys-
ical aspects of the system, such as atoms being too close or overlapping, to allow the
system to relax into a stable thermodynamic state, and for the system to “forget” its
initial configuration[156]. It is a good idea to, at minimum, make sure the three ther-
modynamic properties which are held constant in the chosen ensemble have stabilised
around the target value before the simulation is deemed equilibrated.

FEnergy minimisation of a system is commonly the first step as it can remove severe
steric clashes without crashing the simulation. Steepest Descent is an algorithm which

moves the system “downhill” along an energy gradient, putting the system into the
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energetically closest local minimum. It is not, therefore, suitable for finding the system’s
global energy minimum in a single simulation. The Conjugate Gradient algorithm works
in a similar, but more efficient, way which converges on the minimum a lot quicker due
to it avoiding the “zig-zagging” behaviour used by the Steepest Descent algorithm in
narrow energy valleys. The Conjugate Gradient algorithm is more efficient, especially
in big systems, but it does not handle bad geometries or large overlaps as well as the
Steepest Descent algorithm.

Following energy minimisation, in systems which will be run for production in the
NPT ensemble, it is common to apply a short NVT MD run. Large particles, such as
polymers, can be positionally restrained to allow the water and ions, and temperature
of the system to stabilise. By holding the volume of the system constant, the system is
prevented from “flying apart” while the temperature stabilises. The NPT simulation
can then begin, with care being taken to ensure that the system has equilibrated before
results are extracted.

Sampling sufficiency of the production run is mostly determined by a comparison of
the system to real-world effects or literature, convergence monitoring, and replica anal-
ysis. For example, it is known that polymer chain relaxation happens in the timescale
of microseconds. However, since the chains in simulations do not commonly represent
the full size of experimental polymer chains, simulations run for <200 ns are common
due to the use of energy-minima-finding techniques such as simulated annealing, and
computational limitations [146, 148-150, 152]. Convergence can be monitored in almost
all of the output gained from a simulation; if the values do not stabilize, perhaps the
simulations need to be run for longer. Running multiple replicas of the simulations,
either with different starting configurations and/or velocities, can help make the results
gained from the simulations more robust, or show that the results from one or more
simulations may be a product of, for example, their initial configurations.

Production runs are the part of the simulation where results which will be used in
data processing and analysis are extracted. There are a few analysis techniques which
are common to Chapters 4, 6, and 7 which are discussed here to prevent repetition

between chapters. Properties of the system such as the temperature, pressure, volume,
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density, and energy are either output automatically by the simulation software or are
easily accessible in post-processing. Other properties can be calculated during or fol-
lowing the simulation with specific commands within the software being used. These
properties help describe the polymer conformation, the distribution of species in the

system, and the species mobility.

Polymer conformation

Radius of gyration (R,) is a measure of how compact a molecule is, for example how
much does a polymer chain curl up on itself. A relatively small R, shows that the
molecule is more compact than one with a larger R,;. The calculation involves finding
the average distance between the atoms and centre-of-mass (COM) of the molecule as

shown in Equation 2.15.

N
R, = % Z lr; — rcom|? (2.15)

i=1
Persistence length (Ly) is a measure of polymer stiffness where a greater persistence
length describes a stiffer chain. The calculation to find persistence length involves
comparing a bond vector on each monomer to the same vector on another monomer in
the chain. Usually this is the bond between monomers as this gives a clear indication
of the directionality of the polymer chain. The formulae used in calculating persistence
length is given in Equation 2.16 in which s is the distance between the bond vectors, t

is the bond vector of monomer ¢, and L, is the persistence length.

fost9) = ()

[3[tiys |
(cosO(s)) = e~/ Lr

(2.16)

The values of (cos 0(s)) are plotted against those of s, averaged over the polymer for
every value of s, and this produces a graph which plots the decay of the directionality

of the polymer. The faster (cos#(s)) drops to zero, the more flexible the chain is.
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Distribution of one species around another

Radial distribution functions (RDFs) are used to look at the particle density of a
target species at different distances from a reference (origin) particle. The RDF (g(r))
is calculated using Equation 2.17 where p is the average number density of the target
species, dN(r) is the number of particles in the shell at distance r from the origin
particle, and dV is the volume of the spherical shell at distance r from the origin

particle.

g(r) = ; <dg‘(fr)> (2.17)

The average number density of the target species is included in Equation 2.17 to
normalise the data. Once the normalisation is complete, an RDF of 1 shows that the
number density of the target species at that distance from the origin species is the
same as if the target species was uniformly distributed. An RDF of greater than 1
shows some ordering of the target species towards this area. As distance from the
origin particle increases, g(r) tends to 1 because the system becomes uniform at large
distances.

It is common to see multiple diminishing peaks as the distance increases from the
origin particle, showing that there are structured “shells” of the target species around
the origin species. This makes RDFs an ideal analysis technique for investigation of
ion and water structure around a large molecule, such as a polymer.

When RDF's are being compared over systems with different species and concentra-
tions it can be useful to plot the coordination numbers. These values are the number
of target species that were found at the distance being investigated from the origin
species. They are usually plotted as cumulative plots at the same distances as the

RDFs.

Species mobility

Mean squared displacements (MSDs) are used to study particle diffusion and mobility.

MSDs use different time “lag” values (7) to calculate how far a particle moves on average
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over different time intervals as shown in Equation 2.18. « is the gradient of the log-log
7 versus MSD graph and gives information about the diffusivity. An a = 1 value shows
that the species is presenting with normal diffusion, o < 1 shows sub-diffusion, and
a > 1 shows super-diffusion[186]. The MSD is related to the diffusion coefficient; the
diffusion coefficient can be taken as the gradient of the linear section of the MSD (when
a = 1) plotted against 7 divided by 6 (which accounts for the 3-dimensional system).
When « # 1, an effective diffusion coefficient can be calculated in the same way as
when a = 1 except that the diffusion coefficient will have units of [distance]?/[time]®

(for example, A2/ns®).

MSD(r) = (|r(t +7) — r(t)[2)
MSD o (2.18)

MSD(r) = 6D,

When plotting MSDs, the data at high 7 values can often look noisy or less linear
than the data at low 7 values. This is because for large 7 there are less origin ¢ values to
use in the calculation: if the simulation being analysed is 200 ns long, there is only one
data point to use per particle to find out how far a single particle would move in 200
ns. This is why MSD plots can often look linear up to a point. It is common practice
to discard the non-linear area of an MSD plot and focus only on the highly sampled,

lower 7 region.

2.2.5 Software & computational resources

There are many software and computational resources available for MD techniques, each
with their own specialities. In this project, two packages of MD software, LAMMPS
and GROMACS, were used. Other MD simulation software includes AMBER[187],
NAMD][188], and CHARMM]J173], all of which are particularly good for simulating
biomolecular systems of proteins, nucleic acids, or membranes.

The Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)[153]

was designed for uses involving materials science and polymers. It is particularly use-
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ful when using coarse-grained models and custom force fields but supports atomistic
simulations too. LAMMPS is used widely in polymer research and allows for more cus-
tomisation by the user than other simulating software. The GROningen MAchine for
Chemical Simulations, known as GROMACS[154, 189], has highly efficient methods for
simulating dilute systems and is designed for use in biological, membrane, and polymer
systems. GROMACS is also highly optimised for use with GPU which can grant the
user large speed increases.

The size and length of the simulations used in this project were only possible due
to the use of the Academic Research Computing High-performance Integrated Envi-
ronment - West of Scotland (ARCHIE-WeSt) supercomputer. ARCHIE-WeSt provides
access to large-scale CPU clusters and GPU nodes which were essential for this project.
Although LAMMPS was not fully integrated to work with the ARCHIE-WeSt GPU
nodes when these simulations were carried out, the large-scale CPU nodes allowed sig-
nificantly bigger and longer simulations to be carried out than would have been possible

on a domestic computer.

2.2.6 Limitations of molecular dynamics

Computational simulation can be seen as the link between theoretical predictions and
models, and between models and experimental work, but there are limitations to these
methodologies[156]. Limitations lie within the accuracy of force fields, which are con-
stantly being updated and made to produce results which more closely resemble ex-
perimental work, and in the treatment of long-range interactions, for which there are
many different methodologies, each with its own advantages and disadvantages[156].
The timescale and size of the systems accessible by molecular dynamics are a common
point of discussion because they currently do not compare to experimental systems[190].
However, due to the ever-increasing speed of computers and model development, sys-
tems as large as a trillion atoms and simulations as long as a microsecond can now been
achieved[156, 191, 192].

The following sections discuss the underlying theory and calculations used in a

design of experiments methodology. This methodology was implemented in Chapter 5.
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2.3 Design of experiments

Design of experiments (DOE) methodology is used to systematically investigate the
effects of different levels of multiple factors on a response variable, and identify which
factors have a statistically significant influence on that response variable[193, 194].
DOE methodology encompasses the planning, execution, and statistical analysis of
experimental work. The output of a DOE is (i) an assessment of the effect each factor
had on the response variable, (ii) a model fitted to the data which describes the data
and predicts new data, (iii) and a description of the model’s ability to describe and
predict observed and new data[193, 194].

In this section we will first discuss the design and experimental portions of the DOE

before discussing the statistical analysis performed on the resulting data.

2.3.1 Designing a DOE

Screening or probing designs are usually employed first. These allow some information
to be gained about an unknown system and suitable level ranges for each factor to
be determined. For example, if there is no response change when using concentration
levels of 1 and 2 mol L' but there is a significant change when using values of 1 and
10 mol L™, then the screening tests would identify the 1-10 mol L~! range as more
suitable.

It is important that the factors, and levels of these factors, not only change the
response variable in a measurable range but are themselves easy to control and mea-
sure accurately[194]. This ensures that the factors are being set to the proposed levels
and that the results from the DOE accurately describe the behaviour within the sys-
tem. Factors are classified as qualitative (also known as discrete or categorical) or
quantitative (continuous).

Similarly, the response variable(s) should be accurately measurable to ensure cor-
rect results and capture meaningful variation in the experiments[194]. The variable(s)
should also give a good description of the system and be directly relevant to the system’s

behaviour or performance goals.
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Perhaps the most common DOE approach is a 2-level full factorial design in which
each factor uses a low and high level and each combination of factor and level is eval-
uated. This results in a total number of runs equal to the number of levels to the
power of the number of factors (for 2 levels and five factors: 2% = 32). For statistical
robustness, it is usually recommended for a design to contain 20-50 runs which equates
to 20-50 data points in each replicate.

If there is a large number of factors and/or limited resources, it is common to
reduce the full factorial design to a fractional design. Reducing a full factorial design
removes half or three-quarters of the runs required while still allowing a description of
the system to be made. Of course, it removes detail from this description and should
only be done when necessary or when a detailed and full description is not required.

If deemed necessary, in order to optimise the model, a response surface methodology
(RSM) design can be implemented. These are often used when factors show signs of
curvature within the factorial design. Usually, only the most interesting factors are
taken forward into the RSM to allow a deeper look at the effects these have on the
response.

Curvature can only be fully modelled when a RSM design is employed. Centre-
points are often added to full factorial designs so that curvature can be identified but
not modelled. In a centre-point run, all quantitative factors are set to the mid-point
between their low and high levels. This is often used to guide the design of an RSM

which analyses the system in more detail following a DOE.

2.3.2 Experimental work in a DOE

Environmental factors can impact the results of a DOE; for example, if the experimental
methodology is carried out in a busy lab in which the activity increases during the
day and causes an increase in the lab temperature, the experiments performed in the
morning and afternoon could produce different results. It is therefore common to
randomise and block experiments in a DOE. Randomisation ensures that environmental
factors are randomly dispersed in the data instead of, for example, lab temperature

increases coinciding with concentration increasing and therefore producing a falsely
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exaggerated result. Blocking ensures that experiments performed on, for example,
different days, are noted so that an environmental factor which was present on one day
but not the other is taken into account.

To reduce the effects which environmental factors have on the dataset, and to help
identify any outliers within the data, it is important to replicate and repeat an appro-
priate amount of times. Replication involves performing the whole experiment, from
start to finish, multiple times; repetition means performing a section of the experiment
multiple times. It is recommended that repetition happens in triplicate at a mini-
mum, but larger datasets (made of replicates and repeats) tend to improve statistical

robustness.

2.3.3 Statistical analysis

During the methodology employed in Chapter 5, Minitab 2.0 software[195] was used
to plan and analyse the statistics of the experiment, the details of this and the other
methods which were used to aid this are given in Chapter 5. The following sections give
the methodology which is used by Minitab. More information about the methodologies,
parameters, and descriptions can be found on the Minitab website and accompanying
documentation.

DOE methodology is commonly used to fit general linear models (GLM)[196]. The
GLM is defined in Equation 2.19 in which Y is the response variable and f; is the
estimated effect factor X; had on the response. The effect 3;; of factor X;; represents
compounded effects, or the effects which arise from different factors interacting with
each other[193, 194]. Theoretically, all compounded effects up to and including the
compound of all factors can be included in the model. This is unwise however, because
it is unlikely that the design will have the degrees of freedom to accommodate them,
and they rarely mean anything practical. For most designs, two-factor compounds are
enough to provide detail of the factors’ effects and any possible coupling between the
factors. € is the random error term, it is the difference between the observed data and

the part of the data that is described by the model and it quantifies the random noise
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that the model cannot explain[194].

Y = 50 + Z [/BlXJ + Z [BUXZ]] + € (2.19)

Analysis

Fitting a GLM methodology employs matrices to assess all factors at once. Two ma-
trices are required, X which tells us which level each factor was at for each response
variable, and Y which lists the response variables. The responses are formatted into a
column matrix Y, with the response for each run aligned to matrix X. Factor levels
are coded for the calculations where a value of -1 in X denotes that the factor was at
its low level, 0 shows the factor was at its centre-point, and +1 shows that the factor
was at its high level. An additional column is added into X as the first column, and
represents the intercept (whose effect is 5y), in which all entries in the column set to 1.
For each compounded effect, an additional column is added to X with the level code
being the sum of each of the components’ level codes. For example, if the compounded
factor for run 8 involved factor X; being at its low level and factor X5 being at its high
level, the 8" row of the column which represented the compounded factor X; x X5 in

X would have the value —1 x +1 = —1.

Calculating effects of factors on responses

Using these matrices and Equation 2.20, we can find the empirical effect (ﬁ) each
factor produced[194]. If X7 X cannot be inverted as required for Equation 2.20 this
can indicate that the model is over-parametrised (i.e. a factor plus a combined factor
containing the individual factor such as X; and X; + X» are included in the model),
or that all interaction and polynomial terms are included but there is not enough data
to fully evaluate this within the model. Removing redundant terms and combining

correlated predicators can solve this.

B=(XTxX)"'xTy (2.20)
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We also calculate the standard error (SE) on these effect values using Equation 2.21
where the subscript ¢ denotes the row and column, respectively, which should be pulled
from the resulting matrix (X7 X)™! to access the value related to the factor being
assessed. M SE is the mean squared error, SSg is the sum of squares error, DF' is
the degrees of freedom, n is the number of runs, and p is the number of parameters
(intercept, factors, compounded factors). The effect of each parameter quantifies how

much changing the value of this parameter changes the response.

E(3) = \/MSE x (XTX);;!

SSEg
MSe=pF
n ) (2.21)
SSp =) (Yi-Yi)’
i=1
DF =n-—p

An example of this calculation is given in Appendix B. Statistical significance testing

is now employed to ensure the effects have physical meaning in the system.

Evaluating statistical significance

A t-test is used to test for significance in each effect: the null hypothesis is that g =0
and the factor has no effect on the response; the alternative hypothesis is 8 # 0 and the
factor does have an effect on the response[194]. It is common to use a confidence level
of 95%, a = 0.05 in DOE and this is suitable for most tests where the consequences
of a false positive are not severe as it balances sensitivity and specificity. When the
consequences of a false positive are severe, for example when testing if a new drug has
fewer side effects than an existing one, a 99% confidence level can be more suitable. If
the work is exploratory or the data is limited, and the main goal is narrowing down
candidates based on a set of requirements, a confidence level of 90% may be more
suitable.

A t-test is a mean comparison - it tests if the mean response changes when the

factor’s level changes - which is why it is applicable to DOE methodology. The DF
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and « values are used as the row and column, respectively, in a t-table to extract the
critical t-value appropriate to the current calculation. A two-tailed test is used because
this test is not concerned with the direction (positive or negative) of the effect, simply
if the effect is present or not, as described in the null and alternative hypotheses.

The t-statistic for each of the effects found earlier is then calculated using Equa-
tion 2.22. If —tepiricar < t-statistic < +tepiticqr then the null hypothesis is accepted and
it can be concluded that changes in the factor in question do not affect the response
variable in a statistically significant way. Alternatively, if the t-statistic is outwith the
range of —t.riticai-+teritical, then the null hypothesis is rejected, and it is concluded
that changes in the factor in question do affect the response variable in a statistically

significant way.

,__b

= 3EG) (2.22)

A GLM is fitted to the data by using the above statistical test in an iterative
methodology to build the model. The method can begin with an empty model or a full
one (all effects included) and then each step can either add a significant factor, remove
an insignificant factor, or both. The result is a GLM as shown in Equation 2.19 in
which all effects are statistically significant as per the t-test.

It is common to use a hierarchical system when using stepwise regression which in-
volves ensuring that the individual main effect is present in the model if any interaction
effect containing the same main effect is also present. For example, if the compounded
factor A x B is in the model, both individual factors A and B must also be included.
This ensures that the model remains logical as you can’t truly understand the effect
of the interaction between factors if there is no understanding of the individual factors

themselves.

Evaluating the suitability of the resulting fitted model

Due to the use of experimental data, and shown by the inclusion of an error term in

the model (¢), the model presented here is not a deterministic physical model, but is
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empirical. This means that randomness from experimental data will be included in the
model and must be analysed to assess the validity of the model.

There are several ways to check the suitability of a fitted GLM and its ability
to represent the dataset or predict new data. These include values which give details
focussing on (1) the model’s fit to current and predictive data, (2) statistical significance
of the data, and (3) residual diagnostics. Each of these categories is presented below
with explanations of the values used in their testing. An explanation is then given of
a method which can be applied if the residual diagnostics highlight problems in the
model.

Residuals are used often in diagnostic testing and are the difference between the

observed value Y and the model’s predicted value Y as shown in Equation 2.23.
e =Y, -Y; (2.23)

The model’s fit to current and predicted data The values in Table 2.1 and
Equations 2.24-2.29 describe the values which can be used to test the model’s fit to

current data, its level of overfitting, and its power to predict new data.

VMSg = SfE (2.24)

n—p
ss
2 E
=1—-— 2.2
R o (2.25)
SSg/(n—p)
2 4 E
mls =1 (S 220
SSp
2 — —_
e =1~ 5o (2.27)
n N 2 n
SSp=3" (}Q - 1@) =Y e (2.28)
=1 =1
SSr=3 (Y- ¥)* (2.29)

i=1

Statistical significance of the data To test whether the explanation of the data
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Table 2.1: Values used in determining the suitability of the fitted model to describe the
current data and predict new data.

Diagnostic Value | Symbol What It Shows Equation What To Look
For

Standard devia- | /MSg | How close or far | 2.24, 2.28 A smaller MSg

tion of residuals the predicted val- indicates a better
ues are from the fitting model.
observed values
on average.

R-squared value | R? Proportion of | 2.25, 2.28, | A value of 1.00
variation in the | 2.29 shows a model
response  which which  describes
the model ex- 100% of the data
plains. variation.

Adjusted R- R?Ldj Adjusted for the | 2.26, 2.28, | An increase when

squared value number of terms | 2.29 the number of
in the model and terms in  the
so can help iden- model is changed
tify over-fitting. shows a Dbetter

model.

Predictive R- R?md Shows how well | 2.27, 2.28 | A value of 1.00

squared value the model pre- | with Y; re- | shows a model
dicts new data. moved from | which  predicts

dataset, new data per-
2.29 fectly.

Prediction sum of | SSp Mimics  testing | 2.28  with | A smaller value

squares the model on new | Y; re- | indicates better
data by removing | moved from | predictive power
the current ob- | dataset and less over-
served value Y. fitting.

given by the model is statistically significant or due to chance, an F-test is performed.
an F-statistic is a comparison of the variance between groups with the variance within
the groups, and in the case of DOE this is the explained variance in the model divided by
the unexplained variance, i.e the residuals. An F-statistic of approximately 1 indicates
that the model does not explain any more variation than random noise, while a large
enough F-statistic shows that the model explains significantly more than just noise.
Residual diagnostics Residual diagnostics allow the validity and trustworthiness

of the model to be determined by determining not just how well the model fits but
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Table 2.2: Residual diagnostics plots used to determine if a model is appropriately

fitting the data.

Plot

Defining Feature of Ap-
propriate Model

Potential Problems & What
They Might Indicate

Residuals vs Fitted
Values

A random scatter of
points around the
horizontal axis.

Curves: non-linear effects are
not being captured.

Funnels (widening/narrowing
spreads): non-constant vari-
ance (heteroscedasticity).

Outliers: large individual er-
rors.

Normal Probability

Residuals fall along
the predicted (straight)
normality line.

Curved or S-shaped patterns:
residuals are not normally dis-
tributed.

Histogram of Residuals

A symmetric,  bell-
shaped distribution.

Skewed or multimodal: misfit
of model of transformation of
model required.

Residuals vs Order of

No obvious trends.

Trend present: autocorrelation
or unmodeled time-based pat-
terns.

Data

whether or not the fit is appropriate. Even if R? is high, if the residuals are bad,
the model is bad. Good models have residuals which look like random noise with no
patterns, trends, or structure. There are commonly four different indicator plots which
can be used to determine the suitability of the model fit using residuals: residuals vs
fitted values, normal probability plot, histogram of residuals, and residual vs order of
data. For a well-fitting and appropriate model, each of these plots will have the defining
features presented in Table 2.2.

Heteroscedasticity (mentioned in Table 2.2) refers to a non-constant variance in the
errors, for example, if the errors are small for low predicted responses and large for high
predicted responses, there is heteroscedasticity. Having roughly the same-sized errors
throughout the dataset is called homoscedasticity and implies a better fitting model.
Another point mentioned in Table 2.2 is autocorrelation. This term refers to external
factors which were not documented or included in the statistical analysis but have
affected the results. An example is performing a temperature dependent experiment

in a room in which the temperature rises and falls throughout the day. The results
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may change with what seems like no reason within the parameters of the experiment
because the room temperature is affecting the results. This is why experimental run
order is important in DOE, having the order noted allows patterns like this to emerge.

Transformation to improve model’s suitability For problems with heteroscedas-
ticity and a skewed or multimodal histogram of residuals, performing a transformation
on the data can reduce these problems and produce a more suitable model. This in-
volves altering the response dataset to gain a new dataset with the aim of improving
the model’s fit. During these transformations it is possible that terms which were sig-
nificant pre-transformation, especially higher-order terms, will no longer be significant
and are therefore removed from the model. This happens because the transformation
can make the variance in the data more consistent and therefore reduces the need for
complex interaction terms such as second- or third-order terms.

A common transformation methodology is the Box-Cox transformation, the for-
mulae for which can be seen in Equation 2.30 where Y’ is the transformed response.
Maximum Likelihood Estimation (MLE) is commonly used to estimate a value of A
which best fits the assumption of normality and homoscedasticity. The relevant for-
mula from Equation 2.30 is applied to the response variable dataset, and the model is
refitted with the new response variable data. The model fit and testing can then be
repeated on the transformed data to, hopefully, produce a model with better residual

diagnostics.

oY1

for A 40
rAE (2.30)

Y =log(Y) for A\ =0

While transformations such as the Box-Cox can create better residuals in a model,
they should be used with care. Things to consider include: (i) once transformed, the
response variable data is no longer in the original scale and may be more difficult to
interpret, (ii) the need for transformation could also be an indication of a more serious
underlying problem such as a missing interaction term or use of the wrong model, and

(iii) A is often approximated from a broad range of possible A\ values and an extreme
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outlier can shift the optimised A value within this range.

2.3.4 Strengths and weakness of DOE methodology

DOE methodology offers many strengths. The systematic approach of DOE allows
the analysis of the effects of multiple factors and their interactions, and the comparison
between the magnitude of these effects. This means that a good description of a system
is possible through one set of experimentation. For experiments which heavily consume
resources (for example those that take a long time, use expensive reactants, or consume
large volumes of feedstocks), a DOE can be made more efficient by reduction of the
number of runs (fractional design) while still gaining a clear description of the system.
Following the DOE methodology, there are quantifiable effects and uncertainties which
formalise the results and leave less for interpretation. DOE methodology also allows
the optimisation of a system to specific criteria through the model which is produced
and can increase the reproducibility of results.

The weaknesses of DOE methodology by no means outweigh the strengths, but
they are important to note. DOE methodology can be resource intensive even with
a fractional design, and the resources required extend beyond the experimental set-
up, into planning and statistical knowledge. DOE methodology often assumes linear
models, such as a GLM, which can miss detail and result in misleading outcomes.
Due to this, a follow up RSM is often required to fully describe the system or create a
predictive model. Overall, even with its weaknesses, DOE is a powerful tool for learning

about a system and the ways its variables can affect the final product.
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Calculating & Optimising Alginate Atomic Par-

tial Charges For Simulation

3.1 Introduction

As outlined in Section 2.2.2, the generation of partial atomic charges for alginate
molecules is required before simulation can begin. In this chapter, we aim to de-
termine a set of partial charges that can be used for alginate chains of any length and
composition.

Monomers in alginate chains are rarely uniform, as can be seen in the example
given in Figure 3.1, where each monomer has a slightly different configuration which
will change as the chain moves and interacts with its environment. If a general alginate
atomic partial charge list can be produced, these configurational differences must have
minimal effect on charges.

Alginate chains can be considered to be constructed from three separate monomers:
4’-end, middle, and 1’-end as shown in Figure 3.2. If a general alginate atomic partial
charge list is realistic, it is important that each of these three monomer types retains
the same atomic partial charges in any chain length.

There are, therefore, three main ways in which an alginate chain can be altered
which could affect the atomic partial charges: (1) geometric fluctuations in individual
monomers, (2) the number of monomers which make up the chain, and (3) whether the

chain is made of G or M residues. M-G bonding was not used in this project and so is
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Figure 3.1: A screenshot from VMD showing a hexa-G alginate chain as it looks in a
simulation where cyan spheres represent carbon atoms, red spheres represent oxygen
atoms, and white spheres represent hydrogen atoms.

middle

middle g middle g middle

Figure 3.2: From top to bottom: di-, tri-, tetra-, and pentamer constituent monomers.
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not expressly investigated in this study. To ensure full compatibility for any alginate
study, the total charges for the 4’-end and 1’-end monomers combined must be -2 and
the middle monomers must have a charge of -1 each. On average, therefore, the alginate
chains have a charge of -1 per monomer. This chapter aims to determine whether this
is feasible without losing the charge details of each monomer in the chain. If this is
not deemed feasible, each chain used in simulation will require its own partial charge
calculation.

We will first discuss the methodology used to achieve this aim before presenting the
results from studies of the geometric monomer fluctuations, chain length, and G vs M

effects of the partial atomic charges.

3.2 Methodology

This section will present the methodology for calculating partial atomic charges before

discussing the collection of alginate structures for use in this study.

3.2.1 Methodology for calculating partial atomic charges

The AM1-BCC method was chosen to calculate partial atomic charges. This method
employs the Austin Model 1 (AM1), a semi-empirical quantum chemistry method,
followed by a Bond Charge Correction (BCC). AM1-BCC is an estimation of full quan-
tum methods like the Restrained Electrostatic Potential (RESP), offering advantages
of speed and lowered computational expense[197-199]. This method was designed for,
and tested on, biological and organic systems, including carbohydrates similar to algi-
nate, and was used in the development of the GLY CAM-06j force field, making it ideal
for implementation in this work[197, 198].

The AM1-BCC method is made up of two steps, as discussed above. First, the
AM1 method is applied to calculate the Mulliken charges, and then a correction is
applied which produces charges that better represent those calculated using RESP
methodology.

Mulliken

The Mulliken charge on an atom is defined as shown in Equation 3.1 where g;
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is the Mulliken charge, Z; is the atomic number of atom ¢, 4 and v are basis functions
(atomic orbitals), P, is the density matrix elements, and Sy, is the overlap matrix

elements.

qi]\/lulliken =Zi— Z Z P;WS;U/ (31)

p€i v

The basis functions in Equation 3.1 are mathematical functions used to approximate
atomic orbitals and build molecular orbitals[197, 200, 201]. Each orbital is represented
by one basis function. For simplicity, only the 2s and 2p orbitals will be discussed here.
The 2s orbital is spherical and so the function models the electron density radially. The
2p orbital is dumbbell shaped and is therefore split into 2p,, 2py, and 2p. so that the
bonding in each direction of the orbital can be modelled.

A simplified version of the Schrédinger equation is used; the full Schrodinger equa-
tion is not solvable for any molecules larger than diatomic hydrogen due to the number
of electrons and complex electron-electron interactions[197, 200, 201]. The general
time-dependent Schrodinger equation is given in Equation 3.2 where H is the Hamil-
tonian operator which describes kinetic energy and repulsive and attractive forces, ¥
is the wavefunction and describes the behaviour of electrons, and E is the eigenvalue
and describes the total energy of the system[197, 200, 201]. An example calculation of
Mulliken charges is given in Appendix C.

HU = EV (3.2)

The AMI1 method simplifies Schrodinger’s equation using experimental data and
pre-parameterized integrals. This is where much of the speed increase in AM1 method-
ology compared with quantum methods arises. The downfall of Mulliken charges is
that the method shares the overlap density equally between the two atoms in the bond
and therefore can give false estimates of partial charge[197]. To address this, Jakalian
et al. added the Bond Charge Correction (BCC) into the methodology which helps
make the Mulliken charges match the RESP charges more closely.

Jakalian et al. published a list of bond charge corrections (BCC) which can be

applied directly to the atom charges in question as shown in the example calculation
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in Appendix C[198]. Where one atom is involved in multiple bonds, the sum of all
applicable BCC is added to the atom charge. This results in a list of partial charges for
every atom which more closely resembles the results produced in a RESP methodology.

The atomic partial charges were calculated using AM1-BCC in the AMBERTools21
antechamber software[187]. The software requires the user to define a net molecule
charge which was taken to be -IN where N is the number of monomers in the chain being
studied. This assumes that alginate is completely deprotonated and each carboxylate
group bears a -1 charge which is consistent with its presence as a salt with monovalent
ions such as Nat and with its ability to cross-link in the presence of divalent ions such

as Ca2t,

3.2.2 Obtaining alginate structures with monomer geometric fluctu-

ations

To study the effects of monomer geometric fluctuations on the partial atomic charges,
structures of alginate were retrieved from the Protein Data Bank (PDB). The PDB is
an online database containing experimentally determined structures of large biological
molecules such as DNA, RNA, and proteins, and their systems (which sometimes con-
tain alginate oligomers) [202]. The PDB codes for G and M residues are “LGU” and
“BEM?”, respectively. Since these structures are taken from experimental systems, the
monomers have natural geometric differences from bonded and non-bonded interactions
with their environment.

The longest chain lengths available for the two residues were a 6-mer of G and a
7-mer of M; using longer chains means more monomer configurations and therefore a
more extensive study. Details of the two systems used are given in Table 3.1.

To extract the alginate chains from these systems, the structure files available on the
PDB website were uploaded to the Visual Molecular Dynamics (VMD) software[206].
System 7BZ0, described in Table 3.1, is shown in VMD in Figure 3.3. The alginate chain
was selected and saved separately. The alginate structure in the original 7BZ0 system
did not include any hydrogen atoms so the alginate-only coordinate file was uploaded

to the Avogadro2 software[207] which allows the easy addition of hydrogen atoms. The
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Table 3.1: Protein Data Bank systems used to gain alginate chains with monomeric
configurational differences.

Alginate Molecule in System | 6-G 7-M

PDB System Identifier Code | 7BZ0 TNCZ

Date Released 10-03-2021 | 02-03-2022
Published Work [203] Not Applicable
PDB Page [204] [205]

software fully protonated the molecules so it was necessary to delete the two carboxylate
hydrogen atoms on each monomer to ensure the molecule represented alginate and not
alginic acid. Lastly, the bonding details were added to the resulting structure file.
Without the information of which atom is bonded to which, the antechamber software
will estimate it based on bond lengths which could result in errors in the partial atomic

charges.

Foa o

Figure 3.3: The full 7TBZ0 PDB system visualised in VMD with the deprotonated hexa-
G chain highlighted.

To allow the investigation of all four monomer types: full, 4’-end, middle, and
1’-end, these chains were split into monomers, dimers, and trimers of neighbouring
monomers. Addition of hydrogen atoms where glycosidic bonds had been broken was

achieved using the Avogagro2 software.
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3.3 Results

The results are sectioned by the three main ways an alginate chain can be altered
to affect the partial atomic charges: (i) monomer geometric fluctuations, (ii) chain
lengthening, and (iii) G versus M residue chain identity. A final section is added
following these investigations which describes how the results were applied to simulation

work. The atom labelling used in all of the results of this study is as shown in Figure 3.4.

Figure 3.4: An alginate free and chain middle monomer with atom labelling.

3.3.1 The effects of geometric fluctuations

Examples of the monomer structures used in this study are shown in Figure 3.5; all of
the structures can be seen in Appendix D, Figures D.1 and D.2.

The monomer shown in the top right of Figure 3.5 deviated the furthest from a
planar ring formation of all monomers studied. The majority of the structural differ-

ences seen between all monomers was the positions of the hydrogens, especially those
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Figure 3.5: Examples of the (top) G and (bottom) M monomers used to the study the
effects of monomer geometric fluctuations on the partial atomic charges.

in hydroxyl groups. These structural differences had minimal effects on the partial
charges, as seen in Figure 3.6 in which the average and standard deviation (error bars)
are plotted. The biggest standard deviation values were produced on the H2 and H5
atoms and most of this deviation from the average was contributed by the G monomer
highlighted previously for its non-planar ring (Figure 3.5, G, right). The deviation
of each individual monomer can be seen in the more descriptive data included in Ap-
pendix D, Figures D.3 and D.4. Due to the relatively small standard deviation values of
the partial atomic charges across the different monomers studied, it can be concluded
that the effect of geometric fluctuations on the partial atomic charges of free monomers
is minimal and can be disregarded.

Examples of the different dimer configurations used in this study are shown in

Figure 3.7; all of the structures studied can be seen in Appendix D Figures D.5 and D.6.

In addition to the hydrogen atom position differences and deviations from a planar
ring group seen in the monomers, the dimer structures also included monomer-monomer

configurational differences. The angle between the direction of each monomer’s car-
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Figure 3.6: Average partial atomic charges of all G and M free monomers studied.

Figure 3.7: Examples of the (top) G and (bottom) M dimers used to the study the

effects of monomer geometric fluctuations on the partial atomic charges.

boxylate group changed from dimer to dimer, as did the angle between the planes of

each of the monomer’s ring groups. This, however, did not produce any significant

deviations from the average partial atomic charges seen on each atom as shown in the

standard deviations plotted in Figure 3.8. The individual data for each dimer studied

can be seen in Appendix D Figure D.7 and D.8. The effect of geometric fluctuations in
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Figure 3.8: Average partial atomic charges of all G and M dimers studied. The 4’- and
1’-end monomers are presented separately.

dimers on the partial atomic charges was therefore deemed to be negligible.

Lastly, examples of the different trimer configurations used are shown in Figure 3.9;
all of the structures studied can be seen in Appendix D Figures D.9 and D.10.

The additional monomer included in these structures, compared with the dimers,
added a further level of complexity in the differences seen between each molecule and
this did affect the hydrogen atoms’ partial atomic charges more than seen in the
monomer or dimer investigations. This is shown in Figure 3.10 where the hydrogen
atoms have larger standard deviations (error bars) than in Figures 3.6 or 3.8. The par-
tial atomic charges of all structures studied are included in Appendix D Figures D.11
and D.12. Since these larger deviations were only seen for hydrogen atoms, which are
less influential in simulation than heavy atoms, the effect of configurational differences
in trimers on partial atomic charges was deemed negligible.

For monomers, dimers, and trimers, the variation in G structures’ partial atomic
charges was less than that of M. This is theorised to be due to the carboxylate place-
ment with respect to the hydroxyl groups. The M carboxylate direction allows it less
interaction with the C4 hydroxyl group than the G residue. This decreased interac-

tion allows for less differences to form in the bonding structure of each monomer and
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Figure 3.9: Examples of the (top) G and (bottom) M trimers used to the study the
effects of monomer geometric fluctuations on the partial atomic charges.
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Figure 3.10: Average partial atomic charges of all G and M trimers studied. The 4’-
end, middle, and 1’-end monomers are presented separately.
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therefore the partial atomic charges.

Since no geometric fluctuations between the structures studied produced a signifi-
cant effect on the partial atomic charges, it was decided that the affect could be deemed
negligible. Due to this, to reduce the number of variables, and to allow free customisa-
tion of chain length, ordered chains were used in the remainder of this study. A python
script was compiled which creates structural files of alginate chains. This ensured that
reasonable initial configurations could be created for customisable (in chain length and
residue) alginate chains. This script creates structured and straight chains which have
a 180° flip in the direction the carboxylate group points between each monomer, as
seen in Figure 3.11. The script is included in Appendix E and contains the charges

that resulted from this chapter.

Figure 3.11: An example of the ordered and highly buckled chains which were produced
using the python script included in Appendix E.

3.3.2 The effects of chain lengthening

This part of the study was conducted to test whether the charge distribution along a
chain, and within the three different monomer types (4’-end, middle, and 1’-end), is
different in chains of different lengths. Chains of length 2-7 monomers were created
from both G and M monomers using the molecule building script described above.
The results from this part of the study can be seen in Figure 3.12. The variation
in these values, as shown with the standard deviations (error bars) in Figure 3.12, was

similar to the values seen in the geometric fluctuations analysis. The charges of each
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Figure 3.12: Average partial atomic charges of G and M 4’-end, middle, and 1’-end
monomer types from chains of length 2-7 monomers.

individual structure studied are included in Appendix D Figures D.13- D.15. Although
the effect of chain lengthening is minimal when looking at the full range of residues and
chains, there were trends in some specific atoms as chain length increased. The most
prominent of these trends is shown in Figure 3.13 which shows the partial atomic charge
of the G 4’-end monomer C3 atom in chain lengths of 2-7; as chain length increased
the 4’-end C3 atom’s charge decreased from 0.108 to 0.076 in a way which suggests
the charge of this atom would plateau as chain end effects were minimised. Similar
trends occurred on several G atoms but were not as prominent in M atoms. While the
ranges of charges produced in these trends are small, this should be considered when
simulating alginate chains of less than 7 monomers in length.

While this trend is visible when presented as the data in Figure 3.13, overall the
fluctuations are minimal, as can be seen in Figure 3.12 in which the standard deviation
values are negligible in comparison to the partial atomic charge values. It can be
concluded, therefore, that the effects of chain lengthening on each monomer type (1’-

end, middle, and 4’-end) is negligible.
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Figure 3.13: Average partial atomic charges on 4’-end monomer G C3 atoms in chains
of length 2-7.

3.3.3 Differences between M & G residues

It is unclear from the configurational and chain lengthening effects whether or not G
and M residue charges are interchangeable; a study was performed to compare the
residues. The similarity of the charges on M and G monomers is vital in determining
limitations in chain pattern design, e.g. whether an M-G-M-G chain can be built in
the same way as an M-G-G-M chain, with emphasis on the differing or identical end
monomers. While it is not required that M and G monomers have identical atomic
partial charges, differences in total monomer charges would add complexity in creating
mixed chains.

The charges from the geometric fluctuation and chain lengthening parts of this study
were compiled and compared to determine the differences in atomic partial charges in
M and G residues. The results can be seen in Figure 3.14. Most atoms have very
similar charges between the two residues, for example, the full monomer atoms C1, O2,
C3, C4, C5, OCOO01, and OCOO2 in Figure 3.14 are almost identical between the M

and G residues. Atoms which have significant differences in the charges between the M
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and G residues include O4 in the 4’-end and middle monomers, and H1 in the 1’-end
monomers, where the biggest charge difference is about 0.25. Major differences were
most common in the atoms closest to the carboxylate group (C1, C5, O1, O4, and Or)

which is expected since this group’s position differs between the two residue types.
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Figure 3.14: The atomic partial charges for each atom in the full, 4’-end, middle, and
1’-end monomers showing the differences in atomic partial charges between M and G
residues. The lack of standard deviation on the full monomer graph is because only 1
structure was used for each.

Due to the scale of the biggest differences found, and in the interest of conserving
the detail of differences between the residues, it was concluded that the atomic partial
charges are not identical within M and G residues and that the atomic charge lists

should be kept separate for the two residues.

3.3.4 Adapting the charges for use in simulation

To end this study in a way that allows the findings to be integrated directly into
simulation work, the resulting atomic partial charge lists and total monomer charges
were evaluated to maximise the usefulness of the charges. For simulation creation it
is important that the two end monomers have a total combined charge of -2 and any

middle monomers have a charge of -1; this way any chain length from a dimer upwards
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can be created with no changes to the atomic partial charge lists. It can be seen in
Table 3.2 under “Before Scaling” (which shows the averaged total monomer charges)
that the middle monomers do lend themselves to being rounded to a -1 total monomer
charge, and that the two sets of two end charges, while different, both round to a total
of -2. However, with the charges presented in “Before Scaling” in Table 3.2, M and
G residues could not be combined in a dimer or as end monomers in a chain because
the 1’-end and 4’-end monomer total charges for M and G residues do not add up to
-2 in any combination. This implements limitations within the simulation set-up of
possible mixed residue chains, which would not be able to have different residue types
at either end of the chain. Because of this, and because the net monomer charges
are not significantly different, it was decided to scale both M and G end charges to a
middle point so that they could be used in mixed residue chains. The adapted total
monomer charges can be seen in Table 3.2 under “After Scaling”. This scaling method
was deemed the best way to optimise the atomic partial charge lists as it keeps M
and G charges separate, and allows for the variation between M and G residues seen
in Figure 3.14, but it also means that any length and pattern of M/G/MG chain can
be created. This total monomer charge scaling is enacted by scaling each individual

atomic partial charge.

Table 3.2: The averaged total charges for the three different types of monomer found
in chains for M and G residues before and after scaling.

Before Scaling | After Scaling
M G M G
4’-end -1.332 | -1.201 | -1.250 | -1.250
Middle -0.997 | -0.982 | -1.000 | -1.000
1’-end -0.674 | -0.844 | -0.750 | -0.750

Monomer

The free monomer charges are not included in Table 3.2 because the method of
gaining the atomic partial charges on a free monomer will always produce a total
monomer charge of -1. The full list of partial atomic charges for each residue and
monomer type, scaled as described above, is presented in Table 3.3. A comparison
between the charges calculated in this study and those found in literature is presented

in Appendix D Table D.1.
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Table 3.3: The eight charge lists for M and G monomers and chains calculated and
optimised for use in simulated alginate systems. Blank spaces are left where the atom
does not exist in the monomer type. The monomers are labelled as “Full”, “1”7, “Mid”,

and “4” which stand for full, 1’-end, middle, and 4’-end, respectively.

Atomic Partial Charges in Different Monomer Types

Atom w7 G4 [GMid] G1 | MFull| M4 | MMid | M1
Cl | 0.2955 | 0.3364 | 0.2978 | 0.2645 | 0.2996 | 0.2877 | 0.1356 | 0.1415
C2 | 0.0973 | 0.0621 | 0.0978 | 0.0797 | 0.0520 | 0.0860 | 0.0349 | 0.0046
02 | -0.6030 | -0.6727 | -0.6571 | -0.5755 | -0.6132 | -0.5670 | -0.5894 | -0.6806
C3 | 0.1053 | 0.0810 | 0.1117 | 0.1157 | 0.1070 | 0.1007 | 0.1004 | 0.1272
03 | -0.6160 | -0.6631 | -0.6341 | -0.5605 | -0.5922 | -0.5769 | -0.6073 | -0.6689
C4 | 0.1193 | 0.1556 | 0.1393 | 0.1065 | 0.1090 | 0.0942 | 0.1257 | 0.1674
O4 | -0.6451 | -0.4136 | -0.4038 | -0.5678 | -0.6282 | -0.4875 | -0.5109 | -0.7100
C5 | -0.0370 | -0.0045 | 0.0027 | -0.0005 | -0.0319 | -0.0176 | -0.1093 | -0.1237
Or | -0.4094 | -0.4322 | -0.4239 | -0.3528 | -0.4132 | -0.4027 | -0.1871 | -0.2012
C6 | 0.9404 | 0.9759 | 0.9578 | 0.8175 | 0.9268 | 0.8774 | 0.9328 | 1.0434

0C2 | -0.8169 | -0.8724 | -0.8612 | -0.7505 | -0.8135 | -0.7787 | -0.8099 | -0.9038
OC1 | -0.8169 | -0.8724 | -0.8612 | -0.7505 | -0.8135 | -0.7787 | -0.8099 | -0.9038
Ol | -0.6691 | -0.6685 20.6012 | -0.5765

H1 | 0.0648 | 0.0810 | 0.0657 | 0.0442 | 0.0666 | 0.0619 | 0.2152 | 0.2406
H2 | 0.0980 | 0.1247 | 0.0768 | 0.0815 | 0.0806 | 0.0699 | 0.0796 | 0.0833

HO2 | 0.4158 | 0.4760 | 0.4719 | 0.4253 | 0.4226 | 0.3999 | 0.4146 | 0.4651
H3 | 0.0820 | 0.1087 | 0.0792 | 0.0338 | 0.0836 | 0.0427 | 0.0552 | 0.0610

HO3 | 0.4168 | 0.4186 | 0.4220 | 0.3750 | 0.4016 | 0.4013 | 0.4056 | 0.4494
H4 | 0.0478 | 0.0744 | 0.0795 | 0.0301 | 0.0377 | 0.0598 | 0.0670 | 0.0867

HO4 | 0.4659 0.3976 | 0.4545 0.5086
H5 | 0.0348 | 0.0271 | 0.0391 | 0.0367 | 0.0417 | 0.0464 | 0.0572 | 0.0632

HO1 | 0.4279 | 0.4279 0.4236 | 0.4077

Total | -1.0000 | -1.2500 | -1.0000 | -0.7500 | -1.0000 | -1.2500 | -1.0000 | -0.7500
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3.4 Conclusions

It can be concluded from this study that the configuration and length of an alginate
chain have negligible effects on the atomic partial charges within that chain. The
effects of differences between M and G residues on the atomic partial charges cannot,
however, be ignored, and these must be accounted for in the atomic partial charges
used in simulation. Although the atomic partial charges in the M and G residues were
too different to be deemed the same, their total monomer charges were similar enough
to be averaged, which allows any pattern of M/G/MG chain to be created and used
without a new atomic partial charge calculation needing to be performed.

The result of this study consists of atomic partial charge lists for M and G full, 1’-
end, middle, and 4’-end monomers. The 1’-end and 4’-end monomers always combine
to give a total charge of -2, and the full and middle monomers have a total charge of -1.
From this study, any alginate chain, whether it be pure M, pure G, or mixed residue
can be created in any length to be used in simulation work.

Once calculated and optimised these charges were implemented into molecular dy-

namics simulations of alginate systems.
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Chapter 4

A molecular dynamics investigation of oligomer
structure and cation behaviour in pure and blended

alginate systems

4.1 Introduction

While the “egg-box” model is widely accepted in experimental work, many compu-
tational studies now dispute it, instead showing that cation coordination is generally
un-specific and presenting as dense ion condensation around the alginate chains, with
no well-defined coordination sites. Where simulated annealing is applied to find min-
imised structures, specific Ca?t binding is seen, likely accounted for in the single- or
limited-structure output of this method[149-152]. Many of these studies look at single
alginate chains which are somewhat restricted by, for example, implementation of an
infinite chain model which may hinder the formation of the “egg-box” model[150, 152].
These studies often report at least two shells of ions forming around the alginate chains
with Nat ions interacting more with M chains and Ca?* interacting more with G, with
a much weaker association for either cation with G-M chains[149]. Peri¢-Hassler and
Hiinenberger (2010)[151] found that chain conformation was insensitive to the ion envi-
ronment however Agles and Bourg (2023)[182] found that the structure of the hydrogel
system as a whole was highly sensitive to the identity of cations present, suggesting
that the alginate chains themselves are unchanged but the structures formed by the

chains together are altered by the ion environment.
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Water is an important medium in alginate systems; dried sodium alginate solu-
tions and calcium alginate gels are brittle because the flexibility and polymer-mobility
increasing, plasticising effects of water are reduced or removed [27]. Agles and Bourg
(2023)[182] found that water behaviour in alginate systems was only weakly sensitive to
cation identity and that alginate-rich and -poor phases occurred no matter what coun-
terion was present. Li et al. (2021)[152] found that Ca?* presence excluded water from
close proximity to the alginate chains, going some way to explaining the insolubility of
calcium alginate in water.

Limited studies are published that employ molecular dynamics simulations to enable
an atomistic view of alginate systems, the differences between M and G residues, the
effects of ions, and the role of water. Previous studies using MD to investigate alginate
systems have found that alginate chains are, in general, flexible, with regular helical
structures being in the minority[150]. Some studies choose to analyse only poly-G
chains due to their well-known crosslinking strength[151, 152], or only poly-M chains
to exclude the stronger G-Ca?" interactions[182]. Studies which compared the two
residues found that increasing M content in alginate chains has been found to increase
flexibility with poly-M and poly-G chains showing more rigidity than MG chains[148,
149]. It has been shown that aggregation of alginate chains is predominantly affected
by the chain composition, with association clearly dependent on G content, although
with M chains promoting this association[148, 149]. The role of MG blocks in cation
binding is underestimated in comparison[181].

While these studies look extensively at co-polymer alginate, in which M and G
residues are bonded to each other, there is a lack of analysis on alginate polymer
blends, in which the G and M chains are mixed but not bonded. Pairing analysis of
these blends with analysis of only G or only M chains could give more insight into the
M-G interactions and how they help or hinder alginate interactions with other alginate
chains, cations, and water.

This study used MD simulations to investigate the effect of i) monomer type and
ii) ion type. First, three systems with either 10 G trimers, 10 M trimers, or 5 G and

5 M trimers, 30 Na™ ions, and 0.016 g alginate/g water concentration were compared
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to analyse the effects of alginate environment on the trimer conformations, monomer
bonding structures, water and ion placements around the trimers, trimer clustering,
and species mobility. The same properties were then investigated for three further
systems with 15 Ca?T ions instead of 30 Na%t ions, and the same alginate and water
environments to provide a comparison between the cation behaviours. The use of small
chains in these systems allows the full flexibility of the glycosidic monomer linkages,
and full accessibility of cations and water to all parts of the alginate chains. This
allows the analysis of alginate conformation/structure, and detailed analysis of cation
and water proximity to the chains. Keeping the G and M trimers separate in systems
or with no bonding between the monomer types allows an analysis of how a polymer

blend may impact the properties of alginate.

4.2 Methodology

Molecular dynamics (MD) simulations were run using the Large-scale Atomic/Molec-
ular Massively Parallel Simulator (LAMMPS)[153]. Six different systems were investi-
gated in this study. Each had ten alginate trimers, either all G, all M, or a mixture of
five of each G and M. The systems also contained either 30 Na* or 15 Ca?* counterions,
and 18,851 water molecules to produce an alginate-in-water concentration of 0.016 g
alginate per g water. This concentration is within the commonly used range of alginate
in water concentration for creating alginate gels and films. The details of each system,

along with the code assigned to it, can be seen in Table 4.1.

Table 4.1: The number of each type of trimer and ion in the six different systems
studied. All systems also include 18,851 water molecules.

System Trimers Ions

G M | Nat Ca’f
G10-Na 10 0 30 0
M10-Na 0 10 30 0
GbHMb5-Na | 5 ) 30 0
G10-Ca 10 0 0 15
M10-Ca 0 10 0 15
GbM5-Ca | 5 5 0 15
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Alginate was modelled using the GLYCAM-06j carbohydrate-specific Amber force
field which is discussed in more detail in Section 2.2.2. Ions were modelled using
the Amber-recommended parameters from Li et al. [162, 178, 179], and the TIP3P
model was used to model water. The parameters for all of these models are included in
Appendix A. Atomic partial charges for the alginate trimers were computed as described
in Chapter 3. The Nat and Ca?T cations within the systems bring the total system
charge to zero.

The trimers were numbered by their order of addition into the simulation box, 1 to
10, and are labelled as such throughout this study. Alginate trimers were inserted with
random position and rotation into a cubic box of length 100 A, followed by the water
and ions, also randomly inserted. A single starting conformation was used for the G
systems, and another for the M systems; these configurations were created using the
python script included in Appendix E which is discussed in more detail in Section 3.3.1.
Due to the small length of these molecules, each system was relaxed as a whole.

Each system was energy minimised using the LAMMPS Polak-Ribiere conjugate
gradient algorithm with energy and force stopping tolerances of 1 x 10~™*kcal mol~!
and 1 x 10~ % kcal mol~! A=, respectively. Systems were first run with a 1 fs time step
for 10 ps NPT in 1 ps groups followed by an unbroken 10 ps to allow the particle-particle
particle-mesh (PPPM) solver grid to adapt to the reducing box size. The systems were
then run for 41 ns NPT, with trajectories being output every 10 ps. The equations
of motion were integrated using the velocity-Verlet algorithm. The SHAKE algorithm
was used to fix the water molecules’ bonds and angle using an accuracy tolerance of
1x10~*and a maximum of 20 iterations in each SHAKE solution. Pairwise interactions
were computed with distance cutoffs of 12 A for both Lennard-Jones and Coulombic
interactions. PPPM was used to compute long-range electrostatic interactions. The
Nose-Hoover thermostat and barostat were employed to maintain a system temperature
of 300 K and pressure of 1 atm.

End-to-end distances (R.) of the trimers were calculated by averaging the distance
between atoms O1 (4’-end) and O4 (1’-end) where atoms are labelled as shown in Fig-

ure 4.1. The angles between the glycosidic linking C4-O4-C1 bonds in the trimers were

65



Chapter 4. A molecular dynamics investigation of oligomer structure and cation
behaviour in pure and blended alginate systems

0ocC1 0ocC2

(oH3
4'-end Middle 1’-end

Figure 4.1: An example G trimer with atom numbering and monomer labelling.

also tracked, as were the dihedral torsion angles between the same C-O-C glycosidic
link plus the C5 ring carbon connected to the carboxylate group. These three values
were analysed to give details on the trimers’ structures and flexibility.

Radial distribution functions (RDFs) were calculated with a bin size of 0.02 A and
a maximum distance of 12 A. RDFs were calculated for alginate-alginate, alginate-ion,
and alginate-water interactions. For the alginate-alginate RDFs, the OC1 and OC2
oxygens were used to determine the distribution of trimers around themselves. For
the ion and water RDF's, oxygen atoms along the trimer were split into three groups
and RDFs were calculated for each of these groups to the target species. The oxygen
groups were labelled carboxylate (OC1, OC2), hydroxyl (O1 4’-end only, 02, O3, O4
1-end only), and glycosidic and ring (OR, O4 (4’-end and middle only) as shown in
Appendix G, Figure G.1.

Clustering of trimers was calculated based on C6-C6 atom distances. The distances
between different trimers in each system were charted throughout the simulation. When
two trimers remained closer than 10 A from each other for at least 0.5 ns, they were

considered a cluster, and were inspected in more detail using VMD.
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The degree of clustering, C(t), at time ¢, is defined as follows

10 10
SUaNi(t) XD iPNe(t)
o) == ==l (4.1)

10 10
; Nci(t) 21 Nei(t)

where 7 is the cluster size in number of trimers, N, ;(t) is the number of clusters of size
i at time ¢, and V;(t) is the total number of trimers involved in a cluster of size i at
time t. This definition gives more weight to systems with fewer, bigger clusters, and
has a minimum value of 1 for no clustering, and a maximum value of 100 for a system
with all 10 trimers forming a single cluster. This definition allows a direct comparison
of clustering in different systems.

The mean squared displacements (MSDs) in trimers, water molecules, and cations
were calculated using multiple time origins. The simulations were split into two tra-
jectories between 0-21 ns and 21-41 ns, and the MSDs were based on the last 20 ns
of simulation time. The system centre of mass was subtracted from the MSDs during

calculation. The MSDs are related to generalised diffusion as follows

«Mﬂ—mmw>mDﬂ (4.2)

where the diffusion coefficient, D, and exponent, «, correspond to the intercept and

slope of log-log MSD vs time plots according to the following.
In(Ar?(t)) = In K, + alnt (4.3)

The errors in the « and generalised diffusion coefficients were found using bootstrap
resampling which is explained in Appendix F.

Calculation of end-to-end distances, C4-04-C1 glycosidic angles, C5-C4-04-C1 gly-
cosidic dihedral torsion angles, RDFs, MSDs, and visualisation of the systems was
performed using VMD software[206], either through in-built analysis tools or using
TCL scripting.
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Figure 4.2: Average R, and standard deviations (error bars) for all systems. The
individual values for both the G (striped) and M (checkerboard) trimers in systems
G5HMb5-Na and G5Mb5-Ca are included for comparison.
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4.3 Results

To understand how the alginate and ion environment affects the systems’ behaviours
we present the trimer conformations, water and ion distributions around the alginate

trimers, clustering of the trimers, and the mobility of the species within the systems.

4.3.1 Trimer conformations

The average R. distances, and standard deviations for the Na™t alginate systems are
shown in Figure 4.2. M trimers have a larger R than G, in both the pure and mixed
systems and in systems with Na® or Ca?* ions, consistent with the well-established
straight bonding of M and buckled bonding of G. The increase of R, from G to M
trimers was as much as 8 % (in system G5M5-Ca). The standard deviation, shown
as error bars in Figure 4.2, indicates a much higher variation in the R, values of the
G trimers in both the pure and mixed systems. This differs from previous studies of
longer (up to 30 monomer) alginate chains in which M chains presented with lower
persistence lengths and therefore increased flexibility compared with G chains at 2-12

chains in the system [148], and suggests that conformational flexibility is not only a
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function of monomer identity but also of chain length. Changing the system ion from
Na® to Ca?t universally results in a decrease in the average R, value of up to 0.06-
3 %. This effect is more prevalent in G trimers in both pure and mixed systems. It is
likely that the more flexible G trimers have lower resistance to buckling which allows
the negatively charged species along the trimers to come into closer contact with the
Ca?* ions.

The glycosidic C4-04-C1 bonding angle distributions in the six systems showed
minimal differences, with all systems having angles within a range of 119.3-121.4°; these
distributions are included in Appendix G Figure G.2. The differences between systems
can be seen more clearly by analysing the dihedral distributions. Figure 4.3 shows
the 4-end to middle and middle to 1’-end (labelled 4’-end and 1’-end, respectively)

glycosidic dihedral angles for each trimer.
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Figure 4.3: 1’-end to middle (1’-end) C1-O4-C4-C5 dihedral angles plotted against
the same dihedral in the 4’-end to middle (4’-end) monomers for each trimer in all
systems. In systems G5Mb5-Na and G5Mb5-Ca, trimers 1-5 are G and trimers 6-10 are

M. Examples of the most common structures are given for systems G10-Na, M10-Na,
G10-Ca, and M10-Ca.

G trimers were only found in a conformation which saw adjacent carboxylate groups

point in opposite directions, as shown in the example trimer conformation in plot G10-
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Na of Figure 4.3. Trimer 6 in system G10-Na and trimer 5 in system G10-Ca both
accessed the bottom right quadrant of the plots once, corresponding to an up-down-
down carboxylate direction configuration as shown in the inset of the dihedral plot of
system G10-Na in Figure 4.3 - since this was rare for the G trimers it can be concluded
that the up-down-up configuration of the carboxylate group direction corresponds to
a low energy conformation. This configuration corresponded to dihedral angles in the
range of -180 to 0° where negative and positive values denote whether the C5 atom
points out of or into the page. This disagrees with the work by Perié¢ et al. [150]
who found that alginate chains with lengths of 8 or 9 monomers had conformational
variability with time, as the trimers in the present study presented with primarily one
conformation. This could of course be due to the short chain lengths used in these
systems, and the presence of less bonded monomers to influence each other. This work
does agree with another finding by Peri¢ et al. that there is conformational variability
along the chain shown in the carboxylate groups of each monomer pointing in opposite
directions.

M trimers existed mainly in the same up-down-up configuration as the G trimers but
also, less commonly, accessed an up-down-down configuration at around a 4’-end angle
of 60°, the G trimers did not. This could suggest that the corresponding conformation
(shown in plot M10-Na in Figure 4.3) of this region is lower in energy and therefore
more accessible for the M trimers than G trimers. It is more likely, however, an effect
of reduced sampling. The two M trimers in Na™ systems which accessed this bottom
right quadrant began the simulation in that conformation as shown in Appendix G
Figure G.3. These M trimers did, however, also sample the bottom left quadrant,
as shown in Appendix G Figure G.3, which shows that the more common up, down,
up conformation does not correspond to such a low energy minimum that the trimers
cannot leave this configuration once they are in it. The G trimers sampled the bottom
right of the plots at minimally during the simulation which suggests that the bottom
left region corresponds to a lower energy minimum for the G trimers than the M trimers
and the bottom right region corresponds to a lower energy minimum for the M trimers

than the G trimers. This may suggest that while the G chains have more flexibility
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in how they bend around the glycosidic bonds, as shown in the R. and glycosidic
bond angle data, the M trimers could have more flexibility in the twist around the
glycosidic bond, highlighted by the inclusion of the C5 atom. This possible flexibility
presenting in M trimers could be responsible for the decreased persistence lengths and
therefore increased flexibility seen in M chains compared with G chains in previous
work. Longer simulations would be required to confirm this to increase the sampling
of M trimer conformations. Using altered starting configurations and comparing the
resulting trimer conformations would also make this finding more robust. Mixing the
trimers in system G5Mb5-Na does not seem to have any effect on the glycosidic dihedral
angles of the individual trimers.

There was little to no change between the Na®™ and Ca?* systems in the trimer
bonding structures. The example structures in the system G10-Na and G10-Ca plots
of Figure 4.3 show the difference between trimers in similar glycosidic dihedral con-
figurations but with different R, values. As was the case in the Na™ systems, the G
trimers all fell into the bottom left quadrant of the plots while a minority of M trimers
also accessed the bottom right quadrant. It can be seen from the plots presented in
Appendix G Figure G.3 that the trimers which were, for the majority of the simulation,
in the conformation corresponding to the bottom right quadrant of the plots all started
in this conformation or in the top right quadrant, post system energy minimisation.
Trimers 10 in system G5M5-Ca and 1 in M10-Ca never accessed the bottom left quad-
rant. This, as discussed before, is likely due to the length of the simulation, but could
indicate an increased flexibility in twisting around the glycosidic bond in M trimers
compared with G trimers.

It is possible in longer chains that the possible M flexibility to twist around the
glycosidic bond becomes more prominent than the G flexibility to bend, especially
when the polymers are aggregating with each other and become more packed, and this
is what shows as M chain flexibility compared to G chain stiffness in the longer chains

of previous work[148].
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4.3.2 Water and ion distributions around the trimers

The RDF's for the oxygen atoms along the alginate trimers to the water hydrogen atoms
in all systems are shown in Figure 4.4. An area of hydration is clear at a distance of
1.9 A from the carboxylate oxygen atoms, followed by a second water peak at 3.2 A.
The hydration around the hydroxyl, and glycosidic/ring oxygen types is less pronounced
than the carboxylate although occurs at similar distances. Hydration shells therefore

exist around the alginate trimers at these distances.
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Figure 4.4: Oxygen group (carboxylate, hydroxyl, glycosidic and ring) to water
molecule hydrogen atom RDFs for (top) Na®, and (bottom) Ca?*t systems.

Minimal differences between the systems indicate that while water may mediate
alginate-ion interactions as shown by the hydration shells present, it is not significantly
impacted by the alginate monomer type or ion environment. This contradicts the
work by Li et al. (2021)[152], who studied a single 30-monomer chain in 0.3-1 M
Nat jon concentration or 0.15-1 M Ca?T ion concentration, and saw water exclusion

from proximity to alginate in Ca’t ion systems compared with Na® ion systems. The
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chains were linked at the periodic boundary to produce an infinite chain and were
analysed using simulated annealing. The difference in water behaviour is likely due to
the ion concentration being 3-23 times greater than in this work which means effects
caused by Ca®* ions are more prominent. The simulated annealing methodology used
by Li et al. could also be moving the system to energy locations that are not accessible
in MD.

The alginate-Na*t and alginate-Ca?* ion RDFs are shown in Figure 4.5. It is clear
from the peak heights that, as with the water RDF's, the carboxylate groups are the
primary points of interaction with Na® and Ca?t for the trimers which is expected
due to their accessibility and relatively high charge density. When compared with
the water RDF's presented previously, it can be seen that the trimers have alternating
water and ion shells at 1.9 A (water), 2.6-2.7 A (Nat/Ca?"), 3.2 A (water), and
4.5 A (Nat/Ca®t) from the oxygen atoms. The glycosidic/ring oxygen groups have a
similar peak height for their second ion shell but the distance from the oxygen groups
on both the glycosidic/ring and hydroxyl oxygen groups, and the width of these peaks
is increased compared with the carboxylate groups second ion shell. This is likely
due to the higher charge density and accessibility of the carboxylate groups and their
higher proximity on average to the glycosidic/ring oxygens compared with the hydroxyl
oxygens. This proximity allows the glycosidic/ring oxygens to “see” more of the ions
which are coordinated by the carboxylate oxygens and corresponds to the second peak
in the hydroxyl and glycosidic and ring group RDFs.

As shown in Figure 4.5, there is a more pronounced difference between the carboxylate-
Na™ ion RDFs between the systems with different trimer types (10G, 10M, 5G5M) than
in the carboxylate-Ca?* ion RDFs. The G trimers in system G10-Na saw more alginate-
Na™ interactions than the M trimers in system M10-Na for all oxygen groups. This
shows that the Nat ions were more attracted to the G trimers than the M trimers
which could be due to a slightly decreased net charge of the G trimers carboxylate
groups (-2.48 per trimer) compared with the M trimers (-2.40) which would increase
the electrostatic attraction between the G trimer carboxylate groups and the Na™ ions.

The comparison of system G5M5-Na’s oxygen group interactions compared with
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Figure 4.5: (Top) Nat-alginate oxygen groups RDF's for systems G10-Na, M10-Na and
G5M5-Na, and (bottom) Ca?*-alginate oxygen groups RDFs for systems G10-Ca, M10-
Ca and G5M5-Ca.

that of the pure systems shows that, in the carboxylate groups, the trimers seem to
mix in a way which corresponds to a mixture of the pure systems, but in the other
oxygen groups, the interaction is much closer to that of a pure G system. It is possible
that the reduced R, values seen for both G and M trimers in system M10-Na compared
with the pure Na™t systems, allows for more hydroxyl and glycosidic and ring oxygen
to ion interactions.

The comparison between the M and G systems is contrary to what was seen in the
study by Hecht and Srebnik (2017)[149] which concluded that 30-monomer M chains
saw more interaction with Na* ions than G. However, these systems had both Nat and
Ca%* ions in the system which provided ion competition. Li et al[146] saw a lower first
Na* ion shell peak for M than G 30-monomer chains with either Nat or Ca?* ions in
the systems, although the second peak was higher in the M system. This could suggest
that alginate-Na™ ion interaction is highly dependent on the length and number of

alginate chains, and presence of other ions in the system; these trends could also be an
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effect of the differing computational methods used as discussed previously.

The alginate-ion RDFs’ peak positions were unchanged in the Ca?* systems, show-
ing that the alginate-water-ion shell behaviour is independent of the alginate and ion
environment. The peak heights in the alginate-ion RDF's did change when moving from
Na® to Ca?t. The carboxylate oxygens, the most accessible and charge dense along
the trimers, saw their 2.7 A peak height increase by 110 and 213 % for system changes
of G10-Na to G10-Ca and M10-Na to M10-Ca, respectively. There was a corresponding
reduction or loss in the first RDF peak for the hydroxyl and glycosidic and ring oxygen
groups which shows an increase in ion specificity to the carboxylate ions. This agrees
with the work by Li et al. (2021)[152] which showed more ion-alginate interaction
specificity for carboxylate oxygens in Ca?T systems.

For the Ca?" systems, mixing the trimers in system G5M5-Ca resulted in an increase
in alginate-ion interactions from the pure systems. This suggests that the trimers are
aggregating more and providing a larger area of negative charge which will attract the

cations. To assess the validity of this theory, the trimer clustering was investigated.

4.3.3 Trimer clustering

The progression of trimer clustering throughout the simulation and a snapshot of the
clustering in the final time step of each system can be seen in Figure 4.6. As simulation
time proceeds, the number and size of clusters increases in systems with Ca?* ions,
and it is likely that eventually a single cluster of 10 trimers would form in all Ca?* ion
systems. This strong tendency to cluster is likely due to the cross-linking effects of the
divalent Ca?* ions which can bind trimers together through electrostatic interactions.
For the Na™-ion systems, alginate trimers formed smaller clusters, compared to the
Ca’T-ion systems. This is consistent with previous simulations that found that Ca?*-
ion systems has a smaller solvent accessible surface area, indicating higher degree of
aggregation compared to Nat-ion systems [182].

Differences in clustering between G-rich, M-rich and mixed systems was less clear.
For Ca?*-ion systems, the degree of clustering was lowest for the G10-Ca, which is

Y

unexpected and contradicts the well known cross-linking “egg-box” structures formed
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Figure 4.6: (A) Degree of clustering as described in Equation 4.1 versus simulation

time. Number of trimers involved in 1-10 trimer clusters for each system (B) 20 ns into
the simulation, (C) 30 ns into the simulation, (D) at the end of the simulation (40 ns).

by G chains. However, we note that trimers may be too short to form these struc-

tures, which is expected for the 8-monomer minimum chain length required to form a
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stable “egg-box” structure[46]. We also note that the G5M5-Casystem aggregated the
fastest, which agrees with previous simulations that found that M trimers promoted

G-G interactions [148, 149].

4.3.4 Species Mobility

The MSDs for alginate trimers, ions and water are presented in Figure 4.7. In all
systems and for all species, the exponent a = 1, indicating that the systems reached
timescales for normal diffusion.

The MSDs for water show almost no variation between the different systems which
reflects the dilute nature of these systems and relatively weak interactions between the
water and alginate trimers. The diffusion coefficients of water, included in Appendix G
Figure G.4, values were in the range of 4.3-4.4 x10™% m?s~!. This is slightly less than
the bulk TIP3P water diffusion of 5-6 x10~? m?s~1[208], as expected as the alginate
and ions are likely to hinder water diffusion.

The alginate trimers are the largest and most highly charged species and have
the slowest diffusion, as expected. The log-log plot for alginate in Figure 4.7 shows
that the sodium systems have slightly higher MSDs, and correspondingly the diffusion
coefficients presented in Appendix G Figure G.4 are slightly lower for the calcium
systems, consistent with the increased aggregation in these systems.

The ions, while the smallest species in each system, are charged and involved in
interactions with the alginate molecules, as discussed in the ion-alginate RDF's; their
MSDs are therefore higher than that of alginate but lower than that of the water
molecules. The Nat ions have higher MSDs in all systems than Ca?* ions which is
explained by the increased alginate-ion interactions in the Ca?*t systems as shown in
the alginate-ion RDFs. The increased interactions between alginate and Ca?* ions

hinders the Ca?* ion diffusion, resulting in lower MSDs.
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4.4 Conclusions

Molecular dynamics simulations were used to investigate the structure and dynamics of
alginate trimers in aqueous solution with a concentration of 0.016 g alginate/g water.
The systems studied had 10 trimers, either all G, all M, or half G and half M, and
either 30 Na™ ions or 15 Ca?T ions. The trimer conformations, ion-alginate and water-
alginate interactions, alginate clustering, and species mobility for each system were
analysed and compared to give insight into the differences between G, M, and mixed
systems, and systems with Nat or Ca?* ions.

In both Ca?t and Na™T systems, G trimers consistently had lower R, values than
M trimers, corresponding to less flexible bending of the glycosidic angle in M trimers.
The Ca?*-ion systems all had lower trimer R, values compared to Nat-ion systems,
particularly for the more flexible G trimers, where the negatively charged monomers
interact strongly with the Ca?T-ions leading to bending of the trimers.

The water structure around the alginate trimers showed that water most strongly
associated with the exposed trimer carboxylate oxygen atoms with well defined hydra-
tion shells at distance of 1.9 A and 3.2 A. A weak shell was observed around the hydroxyl
groups and there was almost no association around the central glycosidic groups. Hy-
dration shells showed no significant dependence on the ion environment or monomer
type. The Nat and Ca?T ions also interacted most strongly with the accessible and
charge-dense carboxylate groups with ion shells at 2.6-2.7 A. The Ca?* ions generally
had a stronger association than Na%t, particularly for the hydroxyl groups. However,
the Nat ion association with the glycosidic group at 2.5 A whereas Ca?* ions showed
almost no interaction with the glycosidic groups as the interaction is concentrated on
the carboxylate groups. The Na™t systems showed a greater variation with monomer
type than the Ca?* systems, with the Nat-ions more strongly associated with groups
on the G monomers, and least strongly with the M monomers.

In all systems the trimers were observed to aggregate, with aggregation happening
more quickly in the Ca?T systems, where the G5M5-Ca and M10-Ca systems formed a

single cluster of all ten trimers within the simulation time. Surprisingly, the presence
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of G monomers did not appear to correlate to a higher degree of clustering, although
this behaviour may change in longer chain systems. Mean square displacements of
alginate and ions showed that Na' systems exhibited slightly higher mobility than
Ca?" systems, consistent with the higher aggregation in Ca?T systems.

The detailed gelling mechanisms of sodium alginate and calcium alginate are still
largely unknown. This study of alginate trimers and ions in a dilute aqueous environ-
ment, found faster aggregation in M-containing Ca?* systems. This shows that the
role of M monomers in alginate gelation should be further explored for longer chain
systems and M-G copolymers.

While this study allowed conclusions to be made about the behaviour of M and
G chains in pure and mixed systems with Nat and Ca’T ions, there were limitations.
The use of trimers allows the analysis of alginate building blocks but is hard to link
directly to long-chain and experimental alginate systems. The behaviour of short-chain
polymers, as discussed in this study, can be very different from longer chains. This
is due to the small size of the molecules which gives them different movement and
interaction behaviour as well as the increased effects of the end groups on the chains.
Usually the end groups of a polymer are a very small part of the polymer and have
negligible effects on the polymer behaviour. In this study the end groups make up
two-thirds of the system and therefore contribute a lot to the alginate behaviour. The
simulations were also run for a relatively short time for polymer systems which are
usually run for 100 ns or more to achieve full relaxation and equilibrium. The short
timescales were used in this study due to limitations in simulation speed but do also
match or exceed times used in previous work[150, 151]. The fastest simulation speed
that could be reached with these systems was 4 ns per day. The decision was therefore
made to move to GROMACS, an MD software which is more efficient for dilute systems.
The methodology and tests done to move to GROMACS are discussed in Chapter 6.

To continue this investigation, experimental work was used to study similar factors
as were presented in this chapter on alginate gel properties. This experimental work
was used to get a broad multi-factor description of alginate systems that could be used

to guide further, focused, simulation work.
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Chapter 5

A design of experiments methodology to investi-
gate the effects of curing conditions on calcium

alginate strength

5.1 Introduction

While computational simulation can give us a very detailed look at an alginate system, it
is harder to link to practical applications of alginate. Most available alginate research
studies experimental systems. A range of factors - including G:M ratios[142, 209],
sodium alginate concentration[109, 210], Ca?* ion concentration [210, 211], pH[210],
temperature [210, 212, 213], gelation time [212], and post-curing sodium chloride soak-
ing [214] - have been shown to influence the mechanical properties of calcium al-
ginate gels[209, 215, 216]. These effects have been studied using methods such as
compression[109, 210, 214, 216], rupture[109, 213, 216], shear stress relaxation[214],
and wet tensile strength [215]. Other studies have looked at, for example, alginate
composite gels for increasing strength and entrapment properties [105], the differences
between pH- and Ca?T-induced gelling [39], and the impact of using various concentra-
tions of ethanol in water as a sodium alginate solvent [217].

While these studies provide valuable insight into individual factors affecting gel
strength, a systematic, multivariable analysis of their combined and interacting effects
is lacking. This study contributes a structured, multivariable analysis for understand-

ing and optimising calcium alginate gel strength, by systematically quantifying how
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formulation factors influence gel mechanics, thus advancing beyond the single-variable
approaches common in prior research. In this study a full factorial 2-level design of
experiments (DOE) methodology was employed to examine how alginate G:M ratio,
sodium alginate concentration, Ca?t and Na* ion concentrations, and pH influence the
mechanical strength of calcium alginate gels. Excess sodium was included as a factor
due to its role in alginate extraction and potential presence in commercial alginates[218—
220], and pH was included for its relevance to food and biomedical applications where
alginate is used as a gelling agent for a variety of solvents. A subset of gels was also
used to assess the effect of dialysis membrane use during curing, in an attempt to slow
Ca?T ion diffusion into the sodium alginate solution, and produce consistently uniform
gels. After gel formation, mechanical work during compression was measured, and

statistical analysis was used to identify significant main effects and interactions.

5.2 Methodology

5.2.1 Materials

Preliminary experiments for preparing calcium alginate gels used Manugel GMB (FMC
Corporation) and Manucol® LKX (International Flavors & Fragrances, Inc.) sodium
alginate powders. The DOE experiments for calcium alginate gel strength testing used
two sodium alginate powders supplied by CEAMSA, with G:M ratios of 0.79 and 1.08,
and GG, GM, MG, and MM bonding ratios as shown in Table 5.1. The viscosities
and molecular weights of these sodium alginate powders is unknown. Calcium chlo-
ride hexahydrate (98%), sodium chloride (99.5%), 8M sodium hydroxide, and 10%
hydrochloric acid were purchased from APC Pure, Fisher Bioreagents, Honeywell, and
Mistral, respectively. These reagents were used throughout the preliminary and DOE

experiments.

5.2.2 Gel Preparation

Before the main DOE experiments were conducted, a series of small-scale (20-60 ml)

preliminary tests were carried out to optimise the factor levels and methodologies used
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Table 5.1: GG, GM, MG, and MM bonding pattern ratios for the 0.79 and 1.08 G:M
ratio sodium alginate powders used in the DOE methodology provided by CEAMSA.

] . | Ratios of Bonding Type
G:M Ratio GG T GM MG T MM
0.79 0.29 | 0.15 | 0.15 | 0.41
1.08 0.20 | 0.32 | 0.32 | 0.17

in the DOE experiments. These tests focused on the tactile and visual assessment of
gels formed under varying conditions and did not include mechanical testing as this was
unavailable for the preliminary testing. Various methods of introducing the calcium-
containing curing solution to the sodium alginate solution were explored in an effort
to consistently produce uniform gels without the addition of extra reagents. The most
effective approach used visking/dialysis membrane tubing to slow Ca?* diffusion into
the sodium alginate solution, resulting in gels with minimal defects. However, using
tubing for all required samples would have required excessive resources and bench space.
The method was therefore adapted: flat sheets of dialysis membrane were laid on top
of the alginate solution, and the curing solution was carefully poured over them. This
adapted gel preparation method was broadly consistent with that used in the DOE
experiments, as detailed below.

The pH of deionised water was adjusted to 5, 7, or 9 as required, using dropwise
addition of either 0.05 M (for pH 5 or 9) or 0.005 M (for pH 7) NaOH or HCI1. These pH-
adjusted solutions were used to prepare low or high G:M ratio sodium alginate solutions
at 1, 1.5, or 2 %w/w concentration using an overhead mixer. Solutions were mixed until
visually fully dissolved (typically < 30 minutes), with mixer speed adjusted to maintain
a vortex. Sodium alginate solutions were sealed and left at room temperature overnight
to naturally de-aerate, then stored under refrigeration until use.

Curing solutions were prepared by dissolving the required amounts of NaCl and
CaCly hexahydrate into deionised water to yield 100 g of curing solution per gel at the
required concentrations. Flat dialysis membranes (MWCO 3.5 kDa, Medicell Mem-
branes Ltd) were cut to size, soaked for 30 minutes, rinsed, and re-soaked in deionised

water until use. For each gel, 600 g of sodium alginate solution was poured into a
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plastic container, a membrane was placed on top of the sodium alginate solution so
that the whole surface of the sodium alginate was covered, and 100 g of curing solu-
tion was carefully poured onto the membrane. The containers were sealed and left to
cure for one week. A metal cutter was then used to extract 4 samples (diameter of
35 mm and height of 15 mm) from each gel which were stored in 60 mL containers
at room temperature until testing. All sodium alginate solutions were cured as soon
after preparation as possible, and calcium alginate gels were tested within three days
of post-curing sampling to minimise degradation and microbial growth.

During the first two experimental replicates, it was observed that the membranes
occasionally sank into the sodium alginate solutions, causing the gel to form in two
layers, as shown in Figure 5.1. In some gels, these layers had markedly different gel
strengths. Gels affected by this issue were replicated a third time, alongside six addi-
tional gels selected for their low variance and representative gel strength values (low,
medium, and high) based on replicate 1 and 2 results. These additional gels were in-
cluded to assess whether membrane presence influenced gel strength, and membrane

presence was therefore added as a sixth factor in the DOE.

Bottom gel layer
with membrane
on top

Top gel layer

Figure 5.1: An example of the gel layer separation which occurred during curing when
the membrane sank into the sodium alginate solution. The two layers formed were
often tactilely very different.

5.2.3 Selection of factors and levels, and DOE methodology

The factors and levels selected through preliminary testing are shown in Table 5.2.

Factors were classified as either qualitative (discrete, with defined low and high levels)
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Table 5.2: Factors and levels used in DOE, decided through tactile and visual assess-
ments in preliminary testing. Membrane presence was added after completion of the
first two replicate runs as explained above.

Factor Factor Type | Low Level Centre- High Level
Point

Sodium al- | Qualitative Low (0.79) N/A High (1.08)

ginate G:M

Ratio

Sodium al- | Quantitative 1 1.5 2

ginate con-

centration

(%ow/w)

Ca?*: alginate | Quantitative 1:1 1.5:1 2:1

molar ratio

Na™: alginate | Quantitative 0:1 1.5:1 3:1

excess molar

ratio

pH Quantitative ) 7 9

Membrane Qualitative No N/A Yes

presence in gel

preparation

or quantitative (continuous, with defined low, centre-point, and high levels). The G:M
ratio of sodium alginate was treated as a qualitative factor due to the presence of other
unquantified characteristics - such as molecular weight and viscosity - that could also
influence gelation, and because no centre-point material was available. The G:M ratio
values for these sodium alginate powders are included in Table 5.2.

Codes were used to identify gel samples; each code is made up of a letter followed
by 4 numbers, representing the value of each factor used in the creation of the gel. Gel
L1105 was created using low sodium alginate G:M ratio, 1 %w/w sodium alginate con-
centration, 1:1 Ca?*:alginate molar ratio, 0:1 Na*:alginate excess molar ratio, and pH
5. Gel H2239 was created using high sodium alginate G:M ratio, 2 %w/w sodium algi-
nate concentration, 2:1 Ca?*:alginate molar ratio, 3:1 NaT:alginate excess molar ratio,
and pH 9. Codes LM and HM refer to centre-point formulations using low and high
G:M ratio sodium alginate, respectively, with 1.5 %w/w sodium alginate concentration,

1.5:1 Ca?*:alginate molar ratio, 1.5:1 Nat:alginate excess molar ratio, and pH 7. Since
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membrane presence was tested on a subset of gels and was not applied across the entire
DOE, it was not included in the coding.

The quantitative factor ranges were determined based on preliminary experiments
that produced gels with favourable properties. Specifically, selected ranges yielded gels
that (i) exhibited minimal deformities such as air bubbles or doming, (ii) retained struc-
tural integrity when cut without breaking or collapsing, and (iii) showed distinguishable
differences in tactile and visual assessments, ensuring that measured variations in gel
strength would be meaningful. Additionally, the lower bound of the pH range was set
above the pK, of alginate in order to minimize the formation of protonated carboxylic
acid groups, which can interfere with calcium crosslinking and hinder gel formation.

Minitab Statistical Software 22[195] was used to create a full factorial 25 DOE and
to randomise the run order of the experiments. There were 32 base runs from the 2°
design (encompassing all gel codes except LM and HM), plus a centre-point for each
level of the sodium alginate G:M ratio (gel codes LM and HM), resulting in 34 runs
for each replicate. Two replicas were performed and four samples were extracted from
each gel replica, resulting in 272 samples being tested in the texture analyser. After
identifying the membrane sinking problem, 17 of the original gels were prepared a
third time, without membranes, and four additional samples were extracted from each,
resulting in a further 68 samples being tested. In total, 340 samples were tested. Each
combination of factor levels was represented by either 8 or 12 samples, depending on

whether the formulation was replicated a third time without membrane use.

5.2.4 Texture analysis of calcium alginate gels

Calcium alginate gel strengths were measured using a CT3 Brookfield Texture Analyser
at the James Hutton Institute, Dundee. The probe used was flat and circular with a
diameter of 34 mm. The texture analyser was set to “Compression” with a target
distance of 4 mm. One cycle (probe compresses, and returns to its starting point once)
was performed on each gel sample with 10 load data outputs every second. The test

1

and return speeds were set to 0.5 mm s~'. Calcium alginate gels were tested in a

randomised run order created using Minitab, although samples from the same gel were
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tested consecutively.

It was originally planned that gels would be tested in their 60 ml storage containers
but the gels’ resistance to deformation around the probe and subsequent consistent
exceeding of the equipment’s 25 kg load maximum, causing the analyser to stop, meant
that the gels were instead taken out of their storage containers and tested on a flat
concrete surface as shown in Figure 5.2. In this state, with no container, the gels were

free to deform in any direction outwards and around the probe.

Figure 5.2: An example of the pre-compression sample set-up in the texture analyser.
The gel was placed on a clean, dry concrete plate and the probe was manoeuvred
electronically to sit flat on top of the gel sample before the compression began.

A typical compression load vs time graph is shown in Figure 5.3. The compression
began with a sharp increase in the load experienced by the probe followed by a slower
load increase, potentially indicating gel relaxation, followed by another sharper increase
as the extent of gel compression increased. After the target distance of 4 mm (at 8
s) was reached, the probe started to return to its initial position, which corresponded
to a sharp drop in load experienced by the probe and gel decompression. The sharp
decrease in load showed that the gels were not very elastic as they did not push against
the probe as it ascended. Many samples had an area of negative load near the end
of the decompression phase which is explained by the gels not returning to their full
height at the same speed as the probe.

In some datasets, there was an anomaly where the last data point of the compression
stage showed a decrease in load even though probe descent distance had increased from
the last step (Figure 5.4). Since none of the gels visibly significantly deformed or broke

at this stage of the analysis, outside of the expected compression, and it was only ever
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Figure 5.3: A typical example of the raw data obtained from the texture analyser where
the load experienced by the probe is plotted against the time passed since the start
of compression. The graph has three sections: compression of the gel in the first 8
seconds of analysis (red crosses), decompression as the probe retracts (blue diamonds),
and below-zero load due to the gel not returning to its full height (yellow triangles).

the very last data point in the compression phase, it was assumed that this was due to

an effect of the equipment and these points were excluded from the analysis.
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0 0.5 1 15 2 2.5 3 35 4
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e Compression Data e Probe Descent Anomaly

Figure 5.4: An example of the anomaly which was sometimes seen in the data sets
produced by the texture analyser where the last data point in the compression data
saw a decrease in load while the probe descent distance was still increasing.
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From these load vs time graphs, the maximum load and the area under the curve
were extracted. This area is proportional to the work done during compression since
the load vs time plot is analogous to a load vs distance plot; area under the curve of
the load vs time graphs is therefore labelled work (W) and has units kg s. The results
for maximum load and work were very similar so only the work results are discussed
here.

In this study we first present a comparison of the low and high levels for each factor,

followed by a statistical analysis of the significance of these results.

5.2.5 Statistical analysis

Minitab software was used to perform a factorial regression on the experimental data
with the aim of determining which factors (as listed in Table 5.2) and factor interactions
had the most impact on the response data. A general linear model was fitted, with
all statistical testing being conducted at a 95 % confidence level, using least squares
regression to estimate the coeflicients of effect on response of each factor and factor

interaction. The full methodology for this analysis is presented in Section 2.3.

5.3 Results

We will first compare the effect of each individual factor by presenting the average
values of all gels created at low and high levels of each value, respectively. These
comparisons look at the work experienced by the gel samples only to allow an assessment
of the gels’ strength and what the strength values could indicate about the gels’ micro-
properties with reference to the simulated systems presented in: (i) Chapter 4, and (ii)
literature. We will then discuss the statistical analysis of this data performed using
DOE methodology to determine the significance of the effect of each factor and factor

compound.
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5.3.1 Effects of individual factors on the calcium alginate gel strength

In this section, each factor is analysed independently to assess the effects on gel strength
data of moving from the factor’s low to high level. We first present an overview of the
average work values seen at the low and high levels of each factor followed by a more
in-depth look at the data for each factor. Centre-point data was included in the DOE
for use in statistical analysis and will be discussed further with those results. In the
comparison of low and high level for the qualitative sodium alginate G:M ratio factor,
centre-point data points were included to enable a comparison across all levels. Centre-
point data was excluded from the comparison of low and high levels of quantitative
factors since the compounded effects of all quantitative factors being changed to their
centre-point cannot be compared in this way. Only the gels which were replicated
a third time to test the effects of membrane presence are included in the membrane

presence low and high level factor comparison.

Average work at low and high levels for all factors

Figure 5.5 shows the average work for each factor’s low and high levels with standard
deviation included. It is clear from the data in this graph that sodium alginate G:M ra-
tio, sodium alginate concentration, Ca?*:alginate molar ratio, and Na*:alginate excess
molar ratio had the most effect on work, with sodium alginate concentration being espe-
cially relevant. These factors saw a much greater change in work than pH or membrane

presence between their low and high levels.

Membrane presence in the gel preparation method

Figure 5.6 shows the effect of presence and absence of dialysis membrane during prepa-
ration of calcium alginate gels. The graph contains two sets of data: (left) the replicated
gels which showed no signs of layering, gave relatively low variability data sets in the
first two replications, and were included as validity tests, and (right) the gels which were
replicated a third time due to layering around the sunken membrane and producing

high variability data sets in the first two replications. There is no clear pattern which
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Figure 5.5: A comparison of the average work at the low and high levels of each factor
with standard deviation included. The low level of “membrane presence” is absence
and the high level is presence.

would suggest membrane presence/absence has a consistent effect on the resulting gel
strength; as can be seen in Figure 5.5, the average work performed on the gels changed
by 5.9 % from 18.8 + 9.8 kg s to 19.9 4+ 9.1 kg s.

The presence of membranes was not expected to induce any effect on the work of
the gel samples, it was added into the methodology in an attempt to make uniform
gels by slowing Ca?" diffusion, rather than to affect the strength of the final gels.
The washing and rinsing process performed on the membranes prior to their use was
imposed to reduce or negate any influence of impurities within the membranes, adding
to the expected lack of effect.

Since there is no discernible effect from including dialysis membranes in the gel
creation process, the third replication of the experiment, in which no membranes were
used, was included in the original two replicas’ dataset, in which membranes were used
throughout, and the data was processed as one set. The following sections compare

data from all three replicas, with and without membranes.
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Figure 5.6: A comparison of presence and absence of membrane in the gel creation
process on work produced by gel sample compression. A subset of gels (left) were
retested as a validation test and the rest (right) were retested due to membrane sinkage
in replicas 1 and 2.

Sodium alginate G:M Ratio

Moving from low G:M ratio sodium alginate to high G:M ratio saw an increase of 42.0
% from an average of 13.9 + 7.4 kg s to 19.8 + 8.6 kg s, respectively. This is shown
clearly in Figure 5.5 and in more detail in Figure 5.7. As can be seen in Figure 5.7,
there were no obvious trends in this data that any other gel conditions contributed to
this effect.

Low G:M ratio sodium alginate is known to produce weaker gels due to fewer “egg-
box” forming GG bonding[209]. The details in Table 5.1 show that the low G:M ratio
sodium alginate powder had a higher proportion of GG bonding than the high G:M
ratio although this could refer to short GG chains which are not long enough to form
stable “egg-box” structures as discussed by Bowman et al.[46]. More information would
be needed about the molecular weight of these sodium alginate powders and the length
of the bonding sections shown in Table 5.1 to form a conclusion. This could also

link to the findings of the trimer study presented in Chapter 4 which saw increased

92



Chapter 5. A design of experiments methodology to investigate the effects of curing
conditions on calcium alginate strength

45
B Low G:M Ratio Sodium Alginate

H High G:M Ratio Sodium Alginate

i MNM |

H O H O S O ")@\ o 5 ©)
QQ”J”)QQ“)"J G °)’b
R AR R R R R N R R

RN IR S RS »\‘* »\‘b \f‘ FFF G

40

Work (kg s)
(9, ] o U o w o

o

Figure 5.7: A comparison of low and high G:M ratio sodium alginate on work produced
by gel sample compression.

alginate-alginate interactions between G and M trimers compared with G-G and M-M,
suggesting the monomer types encourage more crosslinking in each other. These mixed
interactions could be contributing more than expected when relying on the “egg-box”
model of cation binding. It can be said from these results, however, that increased G
content - whether in long or short blocks within the alginate chains, and crosslinking
with other G or M blocks - results in an increased calcium alginate gel strength.

It is also possible that the low G:M ratio sodium alginate powder had a lower molec-
ular weight (shorter alginate chains) than the high G:M ratio sodium alginate powder,
although this is unknown. A lower molecular weight would mean that the calcium
alginate gel was relying more on alginate-alginate and alginate-Ca?* intermolecular in-
teractions rather than stronger intramolecular alginate bonding to create the gel matrix.

This would also be expected to contribute to a weaker gel.
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Sodium alginate concentration

Increasing the sodium alginate concentration significantly and universally increased
the gel strength as seen in Figures 5.5 and 5.8. Moving from 1 %w/w to 2 %w/w
sodium alginate concentration increased work by 137.1 % from 9.9 + 4.1 kg s to 23.5
+ 6.1 kg s. This effect was expected as it is reported multiple times in literature
[39, 109, 209, 210, 213, 214]. Increasing the sodium alginate concentration increases
the number of alginate chains that are present in the network. When Ca?* ions are
present, as in all gels presented in this study, increasing the number of alginate chains in
the system facilitates more intermolecular chain-Ca?t-chain interactions which create
more crosslinks in the alginate network and produce a stronger gel. No trends are
present in this data which would indicate that another factor is affecting the scale of

the gel strength increase from 1 to 2 %w/w sodium alginate concentration.
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Figure 5.8: A comparison of 1 and 2 %w/w sodium alginate concentration on work
produced by gel sample compression.
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Ca’t:alginate monomer molar ratio

The effect of Ca?T:alginate monomer molar ratio on gel strength is shown in Figures 5.5
and 5.9. Figure 5.5 shows that moving from 1:1 to 2:1 Ca?t:alginate molar ratio
increased the average work by 18.1 % from 15.3 + 8.2 kg s to 18.1 + 9.0 kg s. However
it is clear from Figure 5.9 that this increase in work was not universal; gels L2105,
H1109, H1139, and H2109 had a slightly higher work that their 2:1 Ca®*:alginate

molar ratio counterparts.
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Figure 5.9: A comparison of 1:1 and 2:1 Ca®*:alginate molar ratio on work produced
by gel sample compression.

Due to its crosslinking effects, it is expected that an increase in Ca?* ion concentra-
tion within the calcium alginate system would produce a substantial increase in the gel
strength. Previous work showed that increasing the Ca?*:alginate monomer molar ratio
from 0:1 to 2.5:1 increased the calcium alginate gel strength logarithmically[142, 211,
221-223]. However, it has been noted that a 0.5:1 Ca?*:alginate monomer molar ratio

7

in the “egg-box” model corresponds to a fully crosslinked system[141, 142, 144]. The
small increase in gel strength with increasing Ca?*concentration in the current study

is consistent with the high Ca?*:alginate monomer molar ratios in the range from 1:1
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to 2:1, where the number of crosslinks is already beyond saturation. This accounts for
the relatively small increase in gel strength in this factor (18.1 %) when compared with
the same value for sodium alginate concentration (137.1 %), even though both factors

are essential in creating crosslinks within the system.

Na': alginate monomer excess molar ratio

Figure 5.10 shows the effect of Na™:alginate monomer excess molar ratio on individual
gel work. This ratio does not include the 1:1 NaT:alginate ratio included in sodium
alginate, it only reflects the Na™ which was added to the gel through the curing solution.
Increasing Na™ concentration in the curing solution resulted in a pronounced decrease
in gel strength in most gels with only one (H22-0/3-5) seeing a small increase in gel
strength when Na™t molar excess increased. The gel strengths changed by -30.8 % from

19.7 + 8.3 kg s to 13.7 & 8.0 kg s as shown in Figure 5.5.
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Figure 5.10: A comparison of 0:1 and 3:1 Na':alginate excess molar ratio on work
produced by gel sample compression.

Gels which had at least two of (i) high G:M ratio sodium alginate, (ii) high sodium

alginate concentration (2 %w/w), or (iii) high Ca?*:alginate molar ratio (2:1 Ca?*:alginate)
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had increased gel strength, as shown in the previous factor analyses, and were less likely
than gels at other factor levels to experience a significant gel strength decrease when
Na™T:alginate excess molar ratio was increased from 0:1 to 3:1.

The work done by LeRoux et al. [214] shows a similar trend, in which calcium
alginate gels soaked in NaCl solutions resulted in a decrease in calcium alginate gel
strength. It is likely that the Na™ ions in the alginate matrix compete with Ca?T ions,
thus reducing the formation of crosslinks, hindering stronger alginate-cation interac-
tions, and creating a weaker gel, as was also the conclusion of LeRoux et al. in their

work.

pPH of the alginate solution solvent

The pH of the solution used to dissolve the sodium alginate powders had no obvious
effect on resulting gel strength as seen in Figures 5.5 and 5.11. The average work
changed by -3.92 % from 17.0 + 8.8 kg s to 16.4 + 8.9 kg s when moving from pH 5
to pH 9. Figure 5.11 shows that this change was relatively random across the samples
and it is therefore concluded that pH had an insignificant effect on work of the samples
in the pH range studied.

This is believed to be due to the buffering effects of sodium alginate. While all
solutions started at the planned pHs of 5, 7 (not included in this comparison due to
centre-point incompatibility with this comparison as explained previously), or 9, once
the sodium alginate was dissolved and the solution had de-aerated, the pH was recorded
again and was always within a range of 7-7.5 with no obvious trends. This suggests
that the alginate is acting as a buffer in the solution and the extent of deprotonation
along the alginate chains, centred on the carboxylic groups, is changing to prevent the
pH of the system moving from the 7-7.5 range. This suggests that as long as the pH is
above the pK, of about 3.4-4.4[40, 41], it should not effect the gel created.
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Figure 5.11: A comparison of the sodium alginate solutions solvents’ pH of 5 and 9 on
work produced by gel sample compression.
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5.3.2 Statistical analysis: factorial regression

Stepwise factorial regression resulted in a general linear model (GLM) fitted to the
data presented in the previous section, with only statistically significant factors and
factor interactions included. The original data presented with non-ideal residuals and
so a Box-Cox transformation was performed using Minitab’s optimal transformation
coefficient (A) calculation. The methodology for this transformation is discussed in
Section 2.3.3. The analyses presented in this section are of this transformed data.
The significant effects on the work proxy response variable were, in descending order
of significance, the sodium alginate concentration, NaT: alginate excess molar ratio,
sodium alginate G:M ratio, Ca?*:alginate molar ratio, and Nat:alginate excess molar
ratio times Ca?*:alginate molar ratio; the most effective way to alter gel strength is by
changing the sodium alginate concentration. Factors were primarily independent with
only a weak interaction present between the ions in the curing solution. The extent of
the effect each factor or factor interaction had on the work proxy response variable can

be seen in the Pareto chart presented in Figure 5.12.

Na*:Alginate Excess Molar Ratio

Sodium Alginate G:M Ratio

Ca’*:Alginate Molar Ratio

Na*:Alginate Excess Molar Ratio * Ca?*:Alginate Molar Ratio

o 5 10 s 20 25
|t-Value| (factor significant if |t| > 1.97)

Figure 5.12: Pareto chart of effects of experimental factors on calcium alginate gel
compression work, where a factor was considered significant at a |t-value| of 1.97 or
greater.

The t-values are a statistical value based on the size of the effect the factor had on
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the response variable and allow direct comparison between each factor or compounded
factors; a t-value of 1.97 or above (as seen in Figure 5.12) indicates a factor which had
a statistically significant effect on the gel strength at a 95 % confidence level.

It can be seen from the negative t-value included that when NaT:alginate excess
molar ratio was increased the gel strength decreased, all other significant factors had
a proportional effect on the gel strength. The presence of the compounded effect of
Ca?T:alginate molar ratio times NaT:alginate excess molar ratio shows that there may
be an ion competition effect within the alginate network which plays a part in the
resulting gel properties, furthering this hypothesis which was presented in the previous
section. Further study is required to fully confirm this effect and understand the nature
of the competition which is taking place, although it is logical that the two cations would
compete for areas of negative charge along the alginate chains. Comparing this ion
competition factor to the factors presented in the previous section, and acknowledging
its small t-value, shows that its effect on the gel strength of calcium alginate gel was
small. Although statistically significant, this compounded factor likely has limited
practical impact.

A significant centre-point factor was included in the GLM, suggesting that there is
curvature within the model which cannot be modelled by the linear model. A Response
Surface Model (RSM) design would allow a fuller description of this curvature.

The model had predictive R? values of about 70 % which indicates that this model
would not predict previously untested values accurately. This is due to the large vari-
ability seen in all gels, though specifically those which split around the membrane. This
does not, however, take away from the important conclusions which can be drawn from
the individual factor and statistical analysis performed on this data and the foundation

this work provides for future analysis.

5.4 Conclusions

Calcium alginate gels were made using different sodium alginate and curing solution

conditions and were tested with texture analysis. Samples were compressed over a set
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period of time, and a proxy for work done on the gel was extracted. This work provides
quantitative analysis of how calcium alginate gels can be adapted through only their
curing conditions to further the practical understanding of calcium alginate gelling. A
full 2° factorial design of experiments was used to systematically evaluate the effects of
sodium alginate G:M ratio, sodium alginate concentration, Ca?*:alginate molar ratio
and NaT:alginate excess molar ratio introduced through a sodium alginate curing salt
solution, and pH of the sodium alginate solution aqueous solvent on the resulting cal-
cium alginate gel strength. An additional factor, membrane use in slowing the curing
solutions’ diffusion into the sodium alginate solution during the gel creation process,
was introduced mid-study in response to an observed gel splitting issue and was ap-
propriately included in the design. Centre-points were included for qualitative factors
enabling the identification of model curvature. A general linear model was fitted to the
data, and its robustness was analysed.

Sodium alginate concentration had the strongest effect on gel strength - increas-
ing the sodium alginate concentration significantly increased work done on the gel
through increasing the amount of available alginate for crosslinking within the sys-
tem. NaT:alginate excess molar ratio had a strong negative effect on gel strength with
increases in Na™ concentration in the curing solution decreasing gel strength due its
ability to disrupt alginate-Ca®*-alginate interactions and therefore weaken crosslinking.
Sodium alginate G:M ratio and Ca?*:alginate molar ratio also had significant, although
weaker, effects on the gel strength by providing more crosslinking opportunities. The
effect of Ca?*:alginate molar ratio was limited due to the high range (1:1 and 2:2) used:;
once all available alginate cation coordination sites were saturated, excess Ca?t had
a much reduced effect. pH and membrane presence did not produce a significant ef-
fect in gel strength: sodium alginate acted as a buffer, so all solutions, pH 5, 7, or 9,
were altered to pH 7-7.5 before curing took place; membrane presence introduced little
to no impurities due to the soaking process used to prepare it and simply slowed the
introduction of the Ca?* ions in the sodium alginate solution.

The inclusion of a significant centre-point effect in the fitted GLM and a significant

lack-of-fit test indicated non-linearity that the GLM could not fully capture. Despite
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this, a second-order model was not fitted due to dataset size and design constraints;
a response surface design would be needed for this. The final model had a predictive
R? value of about 70 % indicating low to moderate predictive ability. However, the
model was still able to identify clear, significant factor effects and provided a reasonable
approximation of system behaviour. Future studies should use a more complex DOE
and increased replication to better capture curvature and improve model adequacy.

This work has provided an overview of the most important factors which affect the
resulting strength of calcium alginate gels and can be used as a starting point for more
focussed studies, such as a Response Surface Model (RSM) DOE which would allow full
modelling of the curvature within the model, or a second full factorial DOE following
the same methodology as this but removing pH and membrane presence, and increasing
the replicas to allow for datasets closer to 20-50 for each gel to be included.

Calcium alginate gelling properties are often treated qualitatively in formulation
work, with reliance on well-used methods rather than understanding of the underlying
mechanisms. This work lays groundwork for optimisation of calcium alginate gels to
be achieved through understanding of the molecular interactions involved, allowing
customisation of the calcium alginate gels via their formulation. The findings of this
study have the potential to impact the food and materials industries by enabling the
customisation of food texture and material strength.

A practical outcome of this work resulted from the identification of Na™ ion con-
centration as factor which can significantly affect calcium alginate gel strength. The
researchers at OCEANIUM(@®) had been attempting to extract a high gel strength algi-
nate from their seaweed feedstocks and this work proposed that Na™ left in the alginate
after the extraction process could be affecting this property. Work on this by OCEA-
NIUM(®) is ongoing. It was therefore decided to investigate the effect of excess Na™t ion
concentration further in a more focused, computational, investigation. This work is
presented in Chapter 7 and is preceded by an explanation and discussion of transfer-
ring the computational model from the LAMMPS software package to GROMACS in
Chapter 6.
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Transferring from LAMMPS to GROMACS for

more efficient simulations

As discussed in Chapter 4, the alginate trimer study highlighted limitations in the
efficiency of LAMMPS as a simulation software for systems of this kind. With the
ARCHIE-WeSt supercomputer and 40 CPU tasks (the maximum available), the fastest
simulation speed that could be achieved was 4 ns/day. It was therefore decided to move
to another simulator and GROMACS was chosen due to its high efficiency, especially for
systems which are dominated by non-bonded interactions, such as the dilute systems
presented in Chapter 4[189, 224, 225]. This chapter discusses the benefits of using
GROMACS specifically for dilute polymer systems.

In this chapter, we first present methodologies proposed to increase the efficiency of
dilute alginate simulations in LAMMPS and discuss why these methodologies would not
give the scale of efficiency increases that was achieved in transferring to GROMACS. We
then detail how the force field described in Chapters 2-4 was adapted for GROMACS
and the major differences in the chosen algorithms used in LAMMPS and GROMACS.
Finally, a comparison of a few select parameters between like systems run in both
LAMMPS and GROMACS is made to conclude whether the results from LAMMPS
and GROMACS simulations of alginate systems can be compared directly without
extensive qualification regarding differences in the underlying codes.

Following this work, it was believed that the LAMMPS and GROMACS simulation

results were similar enough to continue with GROMACS simulations, and to compare
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the results of systems simulated in the two software packages. It was later found, fol-
lowing the completion of this Chapter and Chapter 7, that the differing ranges found
in bonded parameter accessibility between LAMMPS and GROMACS was indicative
of different force constants being used in the two simulators. Analysis of these pa-
rameters highlighted two small mistakes in the translation of AMBER parameters into
GROMACS units which could have produced significant differences in behaviour in the
systems: (i) a comma where there should have been a decimal place created a force
constant of 585,760 kJ mol~! rad~! instead of the intended 585.76 kJ mol~! rad~! in
the angle between atom types Cg-Cg-Os, and (ii) a misplaced factor of 2 included in
the improper force constant doubled the correct C-O2-O2-Cg improper force constant
from 43.932 to 87.864 kJ mol~!. Future work should use the corrected values, presented
in Appendix I, to replicate the simulations presented in both this Chapter - to ensure

correctness in the force field - and then Chapter 7.

6.1 Proposed methodologies for increasing efficiency of di-

lute alginate simulations in LAMMPS

We first present the task timing breakdown output from LAMMPS for the systems
presented in Chapter 4 to understand where the main efficiency bottlenecks are in
these systems. We then propose different methods that could potentially increase the

efficiency of dilute alginate systems simulated in LAMMPS.

6.1.1 Task timing breakdown output for dilute alginate systems sim-

ulated in LAMMPS

Within the output from a LAMMPS simulation is a breakdown of the task timing, as
shown in Figure 6.1. The example in Figure 6.1 is taken directly from the output of
system G10-Na presented in Chapter 4, and is representative of all systems presented
in Chapter 4. It is clear that there are two main efficiency bottlenecks in the system:

“Pair” (short-range non-bonded interactions) and “Kspace” (long-range electrostatics).
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MPI task timing breakdown:

section | min time | avg time | max time |%varavg| %total
Pair | 2.885e+05 | 2.9896e+85 | 3.1034e+05 |1825.4 | 69.55
Bond | 81.517 | 195.4 | 544.73 | 633.4 | o.05
Kspace | 51757 | 62810 | 72815 [2214.7 | 14.61
Neigh | 267@6 | 26744 | 26773 [BSaa a6 22
Comm | 7542.4 | 11121 | 15612 |2950.8 | 2.59
Output | 155.4 | 155.42 | 155.82 | e.5 | e.e4
Modify | 21610 | 27561 | 32588 |2495.9 | 6.41
Other | | 2276 | | | o.53

Figure 6.1: Task timing breakdown from output of system G10-Na presented in Chap-
ter 4.

Traditionally, MD was performed on Central Processing Units (CPUs) that show
strengths in stability and running in serial but are slower when there are a large number
of calculations such as force calculations at every time step. In recent years, simulation
software packages are being updated to run certain processes on Graphics Processing
Units (GPUs) which are optimised for parallel tasks and are very efficient at repetitive
tasks, such as force calculations. CPUs are still used for tasks like communication
between parallel cores while GPUs perform the majority of the calculations required;
this combined use of CPUs and GPUs can produce speed increases of 100-800 % when
used correctly[153, 189]. To reduce the time that LAMMPS spends on non-bonded
interactions, the largest bottleneck presented in Figure 6.1, the main step to take would
be to run the simulation with GPU usage. At the time of writing, LAMMPS was not
fully compiled to work with GPUs on the ARCHIE-WeSt supercomputer, so “Pair”
could not be significantly reduced.

It may be possible to reduce, or at least balance, both the short- and long-range
non-bonded interaction calculation times by altering the Coloumb cut-off distance. By
testing values between 0.9-1.2 nm, which are common values for this parameter, there
may have been some increase in overall simulation efficiency[163, 226]. To further
optimise the time spent in the long-range electrostatic calculation times, the accuracy
of the Particle-Particle Particle-Mesh (PPPM) algorithm could have been adjusted to
test for time saving. This method maps the long-range electrostatics onto a grid and
solves them in Fourier space. Again, this would be a balance, this time between the

quality of the output and the speed of the calculations. Neither of these optimisations
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would produce the large simulation efficiencies expected of GPU integration.

6.1.2 Water bond and angle constraints

Most of the non-bonded interaction calculations, which are presenting as a bottleneck
in the LAMMPS simulations presented in Chapter 4, result from the large number
(18,851) of water molecules. During these simulations, the LAMMPS command fiz
shake was applied to the C-O bonds and C-O-C angle in each water molecule. This
constraint command allows the movement of each water atom as expected from the
bonded and non-bonded forces, and then attempts to return the C-O bond lengths and
C-0O-C bond angle back to their equilibrium values. This command was used with an
accuracy tolerance of 0.01 % and a maximum number of iterations of 20, both recom-
mended values for this command[153]. A large amount of computational energy and
time, therefore, was spent iteratively returning these values to their equilibrium values.
An alternative to the fix shake command is fiz rigid[153]: instead of returning each
constrained parameter to its equilibrium value in each time step, fix rigid treats each
constrained molecule as a fixed structure. Fully rigid water molecules can massively
increase simulation speeds as they remove the requirement of bond and angle vibration
and energy calculations. This algorithm still requires force and torque calculations to
be performed on each molecule but the individual atom movements, and subsequent
attempts to return these atoms to their equilibrium values, as needed in fixz shake, are

removed.

6.1.3 Simulation box shape

Since the large number of water molecules and their corresponding calculations were
deemed a major factor in the relatively low efficiency of LAMMPS simulations, it
would be ideal to reduce this number. To maintain the properties of the system
while reducing water molecule numbers, the minimum periodic image distance must
be maintained[156]. By choosing a non-cubic simulation box such as a rhombic dodec-
ahedron or truncated octahedron, the minimum periodic image distance observed in a

cubic system can be maintained while the “extra” water molecules in the corners of the

106



Chapter 6. Transferring from LAMMPS to GROMACS for more efficient simulations

cube are removed[153, 156, 189]. These non-cubic box shapes can remove up to 30 %

of the solvent molecules in the system in this way[189, 227].

6.1.4 Integrator and time step

As discussed in Section 2.2, there are many different algorithms available for imple-
mentation in solving the equations of motion, including multiple time step methods. A
multiple time step integrator allows different time steps to be applied for the calculation
of different interaction forces[153]. The “fastest” interactions, including bonded inter-
actions, are calculated at the smallest time step. Intermediate interactions, calculated
at an slightly larger time step than the “fast” interactions, include short-range non-
bonded interactions. “Slow” forces include long-range electrostatics[153]. This reduces
the number of calculations performed on interactions which are unlikely to change in
the time step provided, increasing overall simulation efficiency. A multiple time step
integrator can be implemented using the LAMMPS command run_style respa which
applies the reversible reference system propagator algorithms (rRESPA) proposed by
Tuckerman et al.[228].

6.1.5 Outcomes of LAMMPS optimisation

Overall, the main alteration to the LAMMPS simulations which would increase sim-
ulation efficiency would be implementation of GPUs, especially for the non-bonded
interaction calculations. These calculations were the biggest bottleneck in the simula-
tions presented in Chapter 4 and, aside from some minor optimisations in the accuracy
or changes to the system, this bottleneck could only be significantly reduced or removed
by implementation of GPUs. Since GPUs were not available with LAMMPS for this
project, the decision was made to move to a simulator software package which was fully
compiled with GPUs on the ARCHIE-WeSt supercomputer.

GROMACS is a popular MD software package that was designed for biological
macro-molecules in aqueous and membrane environments and is currently optimised
for use with GPUs on ARCHIE-WeSt[154]. There are many differences between the
implementations of LAMMPS and GROMACS. The following sections discuss how the
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established force field and algorithms used in Chapter 4 were adapted to better suit
GROMACS.

6.2 Adapting system force field from AMBER/LAMMPS
to GROMACS

One of the LAMMPS software package’s greatest strengths is its customisability, which
allows all information needed for a simulation to be stored in one input file. GROMACS
instead requires the information for the force field to be stored in a force field directory
from which it pulls information as required. GROMACS has force fields built in,
including datasets from AMBER, CHARMM]J173], GROMOS|[229], and OPLS[176],
but this does not include the AMBER GLYCAM force field used in this work. The
first step was therefore to compile a force field directory that could be applied to alginate

systems with the TIP3P water model and the ion parameters used in Chapter 4.

6.2.1 Force field potentials and parameters

There are some differences between the units or descriptions of bonded and non-bonded
parameters between AMBER and GROMACS which are solved by simple conversion:
(i) AMBER uses kcal and A while GROMACS uses kJ and nm, (ii) AMBER includes
a factor of 0.5 in it’s dihedral potential barrier term which GROMACS does not, and
(iii) AMBER LJ atom sizes are given as Ry,;; and GROMACS are given as o where
Roin = 0 X 21/6 - Another difference is that LAMMPS does not have an option to treat
improper dihedrals as described in the AMBER force field which uses the potential
equation shown in Equation 6.1. Instead, the improper_style cuff LAMMPS command
was used which uses the equation presented in Equation 6.2. Since the phase shift
(¢s) is 180° for the C-C-O-O improper included in alginate (this is the only improper
included in the structure) as discussed in Chapter 2, a value of d = —1 is used in the

LAMMPS parameters to match the AMBER parameters.
E = K|[1+ cos(ng — ¢s)] (6.1)
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E =K [1+ dcos(ng)] (6.2)

A force field directory was compiled and contains files which give descriptions of the
types, masses, charges, and bonds of all atoms, and bonded and non-bonded parameters
used in the system making it applicable to many alginate systems. Files are included
which describe an alginate molecule, a Nat, Ca?*, or Cl~ ion, and a TIP3P water
molecule. These all had the same parameters as used in Chapter 4 and presented in
Chapter 2.2.2. Use of the key -cs spc216.gro in the command gmx solvate calls the file
“spc216.gro” which is included in GROMACS, and is also required for the addition of

the TIP3P water model into these systems.

6.2.2 Differences in algorithms used in LAMMPS and GROMACS

In this section we will discuss the biggest algorithm choice differences between LAMMPS
and GROMACS, specific for the systems presented in this work. All of the algorithms

discussed here are discussed more generally in Section 2.2.

Electrostatics

For calculation of electrostatic (Coulomb) interactions, the particle-particle particle-
mesh (PPPM) methodology is used in LAMMPS and fast smooth particle-mesh Ewald
(SPME) is used in GROMACS. These methodologies are related as they both map the
long-range part of the electrostatics onto a grid and solve them in Fourier space. The
main differences are that SPME is standardised and optimised for biomolecular systems
and GPU use within GROMACS whereas PPPM in LAMMPS is more general, tunable,
applicable to a wider range of systems, and not yet fully GPU accelerated[153, 189, 224].

Minimisation

The default minimisation algorithm used in LAMMPS is the Polak-Ribiere conjugate
gradient which is recommended as the most effective choice for most systems[153].
Conjugate gradient methodology is often applied when an accurate and well-relaxed

configuration is required[153]. It is more common to use steepest descent in GRO-

109



Chapter 6. Transferring from LAMMPS to GROMACS for more efficient simulations

MACS as it is very robust and stable even when the initial configurations are far from
realistic (overlapping structures)[189]. Biomolecular systems do not often require a
very accurate configuration, as required in, for example, a crystal simulation, and so a
more complicated algorithm such as the conjugate gradient algorithm, which is better

at finding the true local minimum, is not required.

Constraints

As discussed above, the fix shake command was used in the LAMMPS simulations
presented in Chapter 4 to constrain the water molecule atom movements. As with
the long-range electrostatic interactions and minimisation algorithms, GROMACS has
a more specialised algorithm called settle, which is specifically for rigid 3-site water
models such as TIP3P[189]. This works in a similar way to the LAMMPS command
fix rigid, discussed above, by moving each water molecule as an unchanging structure

instead of allowing individual atom movements[189].

Thermostats and barostats

The last major difference between the input of the simulations presented in Chapter 4
and the input used for GROMACS simulations is the thermo- and barostat algorithms
applied. In the LAMMPS systems, the Nose-Hoover thermo- and barostat were imple-
mented, in the GROMACS systems the V-rescale thermostat and Parrinello-Rahman
barostat were applied. The Nose-Hoover algorithm is safe and general but can pro-
duce large fluctuations and can require careful equilibration. Although the stochastic
V-rescale method introduces random fluctuations in the dynamics of the system, it
produces smaller temperature fluctuations than the Nose-Hoover, and therefore works
better with smaller systems. The Parrinello-Rahman algorithm is more physically re-
alistic and rigorous than simpler pressure coupling methods. GROMACS forums and
documentation generally recommend the V-rescale and Parrinello-Rahman combination
for post-minimisation/equilibration runs as they are stable and produce low tempera-
ture and pressure fluctuations[189].

Once these choices had been translated as closely as possible from LAMMPS and
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then optimised for use in GROMACS, alginate systems were run in both simulators
and the output was compared. This allowed the new input and methods used with
GROMACS to be checked, and allowed any major differences between the LAMMPS
and GROMACS outputs to be identified.

6.3 Comparison of alginate simulations in LAMMPS and
GROMACS

To test if the alginate system had been successfully translated from LAMMPS to GRO-
MACS, different properties in various systems were tested and compared between the

simulator software packages.

1. Select bonded energies from an alginate molecule were compared to check that
the AMBER parameters had been correctly converted into GROMACS form and

units.

2. The end-to-end distances of a trimer were compared to make sure that the in-
tramolecular bonds and intermolecular interactions of one trimer were presenting

in a similar way in both simulators.

3. Alginate to Nat ion RDFs were compared between the simulators to ensure that
the non-bonded parameters were correct and that alginate-ion interactions were

presenting as expected.

4. Trimer clustering was tested to ensure alginate intermolecular interactions were

presenting in a similar way in both LAMMPS and GROMACS.

For comparisons (i)-(iii) above, a single G trimer with three Na™ ions and no water
was simulated for 1 ns. This system was chosen for its simplicity while maintaining a
system net charge of zero. For the comparison described in (iv) above, system G10-
Na, as described in Chapter 4, which had 10 G trimers, 30 Na™ ions, and 18,851 water
molecules, and was run for 20 ns, was recreated in GROMACS. Both system types were

energy minimised following the methods described in Chapters 4 and 7 before being
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Figure 6.2: Task timing breakdown from output of a single-chain 24-monomer G sys-
tem with a 1:1 Na™ ion: alginate monomer molar ratio, presented and discussed in
Chapter 7.

run in NPT. The main reason for the change in simulator software was to increase
the efficiency of the simulations. Simulation speed for system G10-Na presented in
Chapter 4 increased from 4.020 ns/day to 285.050 ns/day. With further optimisation
this speed was increased to 380 ns/day for the systems presented in Chapter 7, as
shown in Figure 6.2. It can be seen in the GROMACS output shown in Figure 6.2 that
further optimisation would be possible via the nstlist value.

The theoretical bonded potential and the energy of the bond in question at each
value it sampled when run in LAMMPS and GROMACS should match exactly. The
angle versus energy plot for a C-C-O angle in Figure 6.3 shows an example of the
comparisons done between the potential and outputs from LAMMPS and GROMACS.
The example bond, dihedral, and improper energy comparisons performed also matched
between simulators and are included in Appendix H. There were no differences in the
potentials but there were differences in the ranges of bond lengths, angles, dihedral/im-
proper torsion angles that each system sampled. This is attributed to the short simu-

lation timescale, not allowing each system to fully explore the energy landscape.
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Figure 6.3: The theoretical, LAMMPS, and GROMACS angle potentials for the C-C-O
angle in a system with one G trimer and three Na™ ions.
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The trimer simulated in LAMMPS and GROMACS had R, values of 9.15 + 1.32
and 7.46 + 1.45 A, respectively. These values are within the same range, with the
standard deviations overlapping, which shows that the two simulators are simulating
alginate in a similar way. The slight difference between the averages and ranges of the
R, is likely due to the low sampling used in the comparison: the systems simulated
only one trimer for 1 ns, and each trajectory is expected to be slightly different even
in the same simulator.

The RDFs of the alginate trimers to the three Na™ ions in each system can be
seen in Figure 6.4. There is very good agreement between the two simulation software
packages, showing that the alginate-ion interactions and Na™ ion movements are being
simulated very similarly between the packages and that the alginate-ion interactions
are comparable between simulators. Especially important in this comparison is the
distance from the alginate at which the first Na™ ion RDF peak occurs (as discussed in
Chapter 4) and it can be seen in Figure 6.4 that these match almost exactly between
the simulators.

Once the intramolecular alginate and intermolecular alginate-ion interaction simi-
larities between LAMMPS and GROMACS had been established, the alginate-alginate
interactions were studied to ensure that clustering was also similar between the simula-
tors. The clustering is not expected to be exactly the same, as even different trajectories
of the same system in the same simulator would show some differences, but a general
consensus shows that the results from each simulator can be directly compared. As can
be seen in Figure 6.5, the clustering was very similar between the two simulators with
one larger cluster being formed alongside one or two smaller clusters, and at least one
lone trimer which did not aggregate with others. To compare the aggregation in each
systems quantitatively, the clustering coefficient defined in Section 4.2 was calculated
for the last time step of each simulation as presented in Figure 6.5. Both systems had
a clustering coefficient of 8.5 showing the same level of clustering between the systems

even with differences in the size of clusters formed.
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Figure 6.4: Alginate to Na™ ion RDF for a system with one G trimer and three Na™ ions
simulated in LAMMPS and GROMACS.
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LAMMPS

Figure 6.5: Alginate trimer clustering at the final timestep in systems with 10 trimers,
30 Na* ions, and 18,851 water molecules run in either LAMMPS (top) or GROMACS
(bottom).
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6.4 Conclusions from the comparison of LAMMPS and
GROMACS alginate systems

The force field and LAMMPS simulation methods established in Chapters 2-4 have
been adapted for use in GROMACS. LAMMPS and GROMACS algorithms have been
compared, and GROMACS inputs have been optimised for use in simulating alginate
systems. The bonded potentials, trimer R, values, and alginate-Na™ ion RDFs in a
system with one G trimer and 3 Na™ ions were compared to assess the similarities of
species interactions between LAMMPS and GROMACS. Once these similarities were
established, system G10-Na, described in Chapter 4, was recreated in GROMACS and
run for the same amount of time to establish whether the alginate clustering between
the simulators presented any major differences.

These comparisons are in no way extensive with only G and Na™ systems being
compared, no M or Ca?* as in Chapter 4. The simulations were short (1-20 ns), and
only a few properties were examined. However, since the properties examined all agreed,
it can be concluded that simulations of alginate, ions, and water, in both LAMMPS
and GROMACS, set-up as described in this chapter, can be directly compared.

Following this comparison work, alginate simulations were run in GROMACS to
expand the work done in Chapter 4 and focus on the interesting Na™ ion concentration

result discussed in Chapter 5. This work is presented in Chapter 7.
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Chapter 7

The effect of excess Na™ ion concentration on al-
ginate structure and cation behaviour in pure and

blended alginate systems

7.1 Bonded Parameter Corrections

As discussed at the beginning of Chapter 6, following the completion of the work
presented in this Chapter, two errors were found in the compilation of the force field
files required to run alginate simulations in GROMACS. The corrected bonded, and
non-bonded, parameters are included in Appendix I. It is therefore recommended that
the work presented in this Chapter is replicated using the corrected parameters. This
Chapter can hopefully be used as a guide for the methodology, analysis, and discussion

of system behaviour for simulating dilute ion-alginate systems in GROMACS.

7.2 Introduction

Sodium carbonate is commonly used in the extraction of sodium alginate from seaweed[218—
220]. It is important for the ratio of sodium carbonate to alginate to be optimised to
prevent excess sodium carbonate being left in the sodium alginate product. The work
in Chapter 5 showed that excess Na™ ions left in a sodium alginate product could sig-
nificantly decrease the strength of a calcium alginate gel made from the same product.

While the experimental methods presented in Chapter 5 were successful in highlight-
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ing this effect, they did not offer a way to examine the underlying alginate and ion
behaviour changes which occurred between systems with low and high Na™ ion concen-
tration; molecular dynamics can offer this. This is an under-studied effect which could
be vital in customising calcium alginate gel strengths.

While some studies which present alginate simulations do include systems with dif-
ferent Na™ ion concentrations, none of these investigate the effects of this change in
detail, preferring instead to focus on the gel-inducing Ca?* ions or a comparison be-
tween Na® and Ca?t systems as presented in Chapter 4[146, 148, 149, 152]. These
studies, by Li et al. and Hecht et al. studied G, M, or co-polymer chains in differing
alginate, Nat, and Ca?* concentrations. While a lot of the work looked at chain struc-
ture in the form of monomer-monomer angles and persistence length, these values are
mostly presented as a function of the alginate or Ca?* concentration or as a comparison
between systems with only Na® or only Ca?*t ions and so a conclusion about the effect
of Na™ ion concentration cannot be made[146, 148, 149, 152]. These studies all use
simulated annealing, where the system is heated and cooled in cycles, for simulation
times of less than 10 ns, and present the goal of finding optimised alginate structures
and cation distributions. While this technique can efficiently find low-energy conforma-
tions, it does not capture the equilibrium fluctuations and time-dependent behaviour
that MD can provide.

As shown in the study presented in Chapter 4, interesting trends seem to arise
when pure systems are compared to blended systems; blended systems contain both M
and G residues that are not bonded to each other. The results showed that chain-ion
interactions and chain-chain interactions were higher in GM systems with Ca?*t ions
compared with G or M. To study this further and determine whether it was an effect
of short-chain length, a comparison of pure and blended alginate systems is presented
here using 24-monomer long alginate chains.

This study is therefore presented as an investigation of the effects on alginate sys-
tems of low and high Na™ ion concentration and of pure and blended alginate chains.
Understanding the effects of Na™ ion concentration highlights ways in which alginate

systems, as sodium alginate liquids or calcium alginate gels, can be customised, and
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also the ways in which extraction conditions of sodium alginate can affect the final
product. A comparison of pure and blended systems is made to extend the interesting
findings presented in Chapter 4. To allow as much comparison as possible between
Chapters 4, 5, and the work presented here, certain system parameters were chosen to

match the previous chapters. These are presented in Table 7.1.

Table 7.1: System parameters in the trimer, experimental, and present study to show
comparability.

Chapter | Alginate Conc. | Nat:Alginate Molar Ratio | Ca?*:Alginate Molar Ratio
4 0.016 1:1 1:2

) 0.01-0.02 1:1-4:1 1:1-2:1

Here 0.016 1:1 and 4:1 1:1

MD simulations were analysed to study the effects on i) polymer conformation and
ii) ion and water distribution around the alginate. Each system contained either one
chain of G or M, two chains of G or M, or one chain of each of G and M, and a
Na™ ion concentration of either 0.09 M or 0.36 M. By including systems with one G
and one M chain, the differences between pure and blended alginate systems could
be analysed. The chain structure and bonding conformation, and the ion and water
distribution around the chains were studied to present conclusions on the effect of

Na™ ion concentration.

7.3 Methodology

Molecular dynamics (MD) simulations were run using GROMACS[154]. 10 different
systems were investigated, each with either 1 or 2 24-monomer long alginate chains
and a Na™ ion concentration of either 0.09 M or 0.36 M. The Na™ ion concentrations
correspond to a 0:1 and 3:1 Na™ ion:alginate monomer excess molar ratio, respectively,
as was used in the experimental work presented in Chapter 5. Also in-keeping with the
experimental work, all systems had a Ca?" ion concentration of 0.09 M (corresponding
to a 1:1 Ca?T ion:alginate monomer ratio), a Cl1~ ion concentration of either 0.18 M or
0.45 M to maintain a system net charge of zero, and a concentration of 0.016 g alginate

per g water. These details are summarised, and each system’s code is presented, in
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Table 7.2. The single-chain systems were each simulated in duplicate to confirm that
the observed behaviour was reproducible and not due to simulation-specific artefacts.

Table 7.2: Code and composition of each system where each system has an alginate in
water concentration of 0.016 g/g and all alginate chains are 24-monomers long. Single-
chain systems were simulated in duplicate.

Chains Tons Number of
System Code BBy Number Conc. (M) Water
Nat [ Ca?T | C1I~ | Nat | Ca?t | CI~ | Molecules
G-0.09Na, 110 24 24 48 0.09 | 0.09 0.18 | 14634
G-0.36Na 110 96 24 120 | 0.36 | 0.09 | 0.45 | 14634
M-0.09Na 0 |1 24 24 48 0.09 | 0.09 0.18 | 14634
M-0.36Na 0 |1 96 24 120 | 0.36 | 0.09 0.45 | 14634
GG-0.09Na 210 48 48 96 0.09 | 0.09 0.18 | 29285
GG-0.36Na 210 192 | 48 240 | 0.36 | 0.09 0.45 | 29285
MM-0.09Na, 0|2 48 48 96 0.09 | 0.09 0.18 | 29285
MM-0.36Na, 0|2 192 | 48 240 | 0.36 | 0.09 0.45 | 29285
GM-0.09Na 1 |1 48 48 96 0.09 | 0.09 0.18 | 29285
GM-0.36Na, 1 |1 192 | 48 240 | 0.36 | 0.09 | 0.45 | 29285

Alginate was modelled using the GLYCAM-06j force field, the TIP3P model was
used to model water, and ion parameters were taken from Li et al. (2014 & 2015)[178,
179] as discussed in Chapters 2-4 and 6.

Alginate chains were added either in the centre of (for single-chain systems) or 4 nm
apart in the z-direction (for double-chain systems) in a 8x8x8 nm box. 1 nm of space
was added around the chains before the system was solvated and ions were added to
the desired concentration using the GROMACS solvate and genion commands. Each
G chain and each M chain in all systems had the same starting configurations which
are shown in Figure 7.1.

The steepest descent algorithm was used for energy minimisation with a maximum
force restraint of 1000 kJ/mol/nm. Alginate heavy atoms were position restrained for
a 1 ns NVT followed by 1 ns NPT run with a time step of 1 fs to allow the water
and ions to relax. The system was then run for 200 ns NPT with a time step of
2 fs using the Leapfrog algorithm to integrate Newton’s equations of motion. The
V-rescale and Parrinello-Rahman thermo- and barostats were used throughout this

method to maintain a system temperature of 300 K and pressure of 1 atm. Short-range
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Figure 7.1: The initial configurations of each (top) G and (bottom) M chain used in
each simulation.

electrostatics and van der Waals cut-offs of 1 nm were applied throughout with fast
smooth particle-mesh Ewald (SPME) applied for long-range electrostatics.

The alginate chains were not relaxed before the system was solvated or ions were
included and so care was taken to note when the polymer conformation stabilised be-
fore data extraction began. The maximum polymer relaxation seen in the simulations
occurred between 50 and 100 ns in an NPT simulation as shown in the end-to-end
distance and radius of gyration data in Figure 7.2; the data used in this study was
therefore taken from 100 ns onwards. Images from different stages of the simulation of
system GG-0.09Na are shown in Figure 7.3 and show an example of the full aggrega-
tion and polymer curling which occurred in all systems after approximately 50 ns of
simulation time.

The end-to-end distances (R.) of each chain were calculated as the distance between
atoms O4 on the 1’-end and O1 on the 4’-end monomers, where the labelling is shown
in Figure 7.4. The R, values allow analysis of the folding of the chain based on the
proximity of the ends of the chain. This data was coupled with the radius of gyration
(Ry) which gives details of how far each atom in the chain is, on average, from the
centre-of-mass of the chain, which allows the description of the size of the molecule
as a whole. The R, of each chain was calculated using GROMACS command gmx

gyrate. The chains were also described using the persistence length (L,) which gives
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Figure 7.2: R, and R, values for system GG-0.09Na over the course of the simulation.

Figure 7.3: Time dependent progress of chain structure in system GG-0.09Na. In the
top right box which shows the structures 10 ns into simulation time, parts of the chains
have crossed the periodic boundary which is showing as disconnected chains.
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details on the distance along the chain at which the chain backbone changes direction,
and therefore the stiffness of the chain. The L, was output using the GROMACS
gmz polystat command in which the backbone of the chain was described as atoms
C1-OG-(C4, as labelled in Figure 7.4, along the chain. The solvent-accessible surface
area (SASA) was also calculated for each chain or pair of chains to analyse how much
of the chain remains accessible to water and ions during the simulations. A probe
size of 0.14 nm was implemented with the GROMACS gmz sasa command which uses
the algorithm detailed by Eisenhaber et al.[154, 230]. For double-chain systems, the
chain-chain buried surface area (BSA) was also calculated to investigate the extent of
the aggregate interface. These values allowed a description of each chain’s ability to
curl into itself and its stiffness/flexibility, and of the extent of interface which is present

between each alginate-alginate pairing.

Figure 7.4: An example dimer from simulation GG-0.09Na with atoms used in chain
structure analysis and dihedral distributions labelled.

To include details of the internal bonding structures between the monomers of each
chain, the angles of the dihedrals highlighted and labelled as ¢ and 1 in Figure 7.4 were
output and plotted against each other. This allowed the most commonly occurring
monomer-monomer bonding configurations to be identified. A dihedral angle range of
-180 to 180°, where negative and positive signs denote the O4 or C5 atom pointing into

and out of the screen, and a bin size of 72° were used.
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Radial distribution functions (RDFs) were calculated using a bin size of 0.02 A and
a maximum distance of 12 A. The RDF origin species was taken as all atoms along the
alginate chains, and the target species were Ca®t ions, Nat ions, C1~ ions, and water
molecules. All-atom to all-atom chain-chain RDFs in the double-chain systems were
also calculated to help quantify aggregation, and the proximity of the chains.

System visualisation and output of R. values, dihedral angles, and RDFs, were

completed using VMD software through built-in analysis tools[206].

7.4 Results

We first present the polymer conformation results for the systems at low and high
Nat ion concentration; this section describes the trends seen in the R, Ry, and L, val-
ues. We then discuss the monomer-monomer bonding dihedral distributions, the chain-
chain interactions in the double-chain systems, and the alginate-ion and -water inter-
actions. Finally, the differences seen in the double-chain systems of pure (GG/MM)
and blended (GM) alginate are presented.

For the majority of the data presented, the values have been averaged over each G
or M chain in every system studied. This allows us to perform a comparison between
the systems with low and high Na™ ion concentrations. Where this is not the case, it
will be made clear by reference to the specific system(s) being discussed by use of the

codes presented in Table 7.2.

7.4.1 Polymer chain size and stiffness

The R., Ry, and L, data for G and M chains in all systems studied, as well as from
literature, are shown in Table 7.3. The values from literature are from systems which
contained either single[146] or multiple (4-20)[148] 30-monomer chains and Ca?* ion
concentrations of 0-1 M.

As seen in Table 7.3, the R, values from this study are largely unaffected by the
Na™ ion concentration. These values increase from G to M chains in low Na* ion con-

centration but not high. The increase in R, values from G to M is expected due to the
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Table 7.3: R., Ry, and L, results from this study and literature. Units of alginate

concentration (“Alg. Conc.”) are g alginate/g water.

Chain Na* Alg. R. (nm) | R, (nm) | L, (nm) | Ref.
Conc. Conc.
()
0.09 0.016 23+£11 | 1.3£03 | 0.7 £0.1 | Present
0.36 0.016 254+£08 | 1.6 £0.5 | 0.7 £ 0.1 | Present
o 0-0.003 | 0.016 1.7 104 48]
0.3 0.053 73+ 1.0 | [146]
05 0.053 6.4 £ 0.6 | [146]
1 0.053 19+ 0.8 | [146]
0.09 0.016 26+08 | 1.3+£0.2 | 1.3 £0.4 | Present
0.36 0.016 25+08 | 1.2+£0.3 | 1.0 £ 0.1 | Present
M 0-0.003 0.016 13.8 15.0 [148]
0.3 0.053 3.8 £ 0.6 | [146]
0.5 0.053 33£3 | [146]
1 0.053 82 £ 26 | [146]

straighter, more ribbon-like monomer bonding exhibited in M chains compared with
the more buckled bonding of G chains. The same increase from G to M chains was also
seen in the trimer study presented in Chapter 4 in systems with either 0.09 M Na™ ion
concentration and no Ca?T ions, or no Nat ions and 0.05 M Ca?* ion concentration.
It is suggested from this data that alginate chain R, is dependent on Na™ ion concen-
tration only at low values of Na™ ion concentration, and this effect diminishes once
the Na™ ion concentration is increased to 0.36 M. Analysis of systems with different
Na™ jon concentrations between the values of 0.09 and 0.36 M would be required to
confirm this.

The R, values from literature included in Table 7.3 are significantly higher than
those seen in this study. Hecht and Srebnik[148] studied systems with 4-20 30-monomer
long alginate chains in implicit water using a simulated annealing methodology. The
use of simulated annealing, implemented with a short timescale (< 10 ns) means that
it is possible that the curled up structures represented by low R, values in this study
were not reached in the simulation time used. Use of many (4-20) alginate chains is
likely to prevent extensive curling of chains due to packing. This would depend on the

initial positions of the chains and their distances from each other which is unknown for
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the study by Hecht and Srebnik. The use of an implicit water model could also affect
the resulting structures, as water plays an important mediation role in alginate-alginate
and alginate-ion interactions as shown in the water-ion shells seen in the trimer study
presented in Chapter 4. The use of explicit water models is preferred by most alginate
simulation studies for this reason, as it allows an in-depth study of the alginate-water
and ion-water interactions[150, 152, 182]. Implicit water models are used less often,
and seem to be employed to simplify the system[148, 149]. The differences between the
results found in this study and those in the study by Hecht and Srebnik show that a
direct comparison between the results may not be possible, and highlight the difference
in results that can be gained in alginate simulations which utilise different methods.
While the R, values can give us some details of chain conformation, R, values
give a more inclusive description of the whole chain. The R, values (i) increased with
increasing Na' ion concentration for G chains, (ii) decreased with increasing Na™ ion
concentration for M chains, (iii) remained constant moving from G to M chains in
low Nat ion concentration, and (iv) decreased in moving from G to M chains in high
Na™ ion concentration, as shown in Table 7.3. These trends, and those seen in the
R, data suggest that increasing Nat ion concentration produces different effects in G
and M chains. In systems with higher Na™ ion concentration, G chains produce more
open structures with more distance between the chain end groups and between each
atom and the chain’s centre-of-mass. M chains see the opposite behaviour change with
increasing Na™ ion concentration, becoming more closed with lower R, and R, values.
It can be theorised from these results that different intermolecular interactions are
primarily responsible for the chain structures formed by G and M chain types. G
chains, well known for their strong interactions with CaT ions, create structures based
primarily on these strong chain-Ca®* ion interactions. M chains have weaker chain-
Ca?T ion interactions and create structures based on both chain-Ca?* ion interactions
and monomer-monomer interactions between positively and negatively charged regions
of the chain. By increasing Na™ ion concentration, it is possible that the change in
R, and R, values indicates a disruption of the chain-Ca®* ion interactions which held

the G structure together in the low Na™ ion concentration system, causing the molecule
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to unfurl slightly. For M chains, this increase in Na™ ion concentration could have more
heavily disrupted or screened repulsive forces between negatively charged areas of the
chain, compared with the weaker chain-Ca?* ion interactions, causing a slight collapse
in the structure compared with the low Na™ ion concentration system.

The L, values add to this study by quantifying chain flexibility. No change in L,, val-
ues of G chains was seen when increasing Na™t ion concentration but M chains had a
reduction in L,. L, increased from G to M chains for both Na™ ion concentrations. As
with the R, and R, values, these values suggest different interaction changes between
G and M chains. The G chains show no change in flexibility between Na™t ion concen-
trations but the M chains become more flexible with increasing Na™ ion concentration.
As with the R, values, the L, values from literature are higher than those found in this
study. This is thought to be, as described above with the R, values, due to the different
simulation methodologies and the shorter time scales not allowing the chains to curl up
as much as they may have done in longer simulations. Li et al.[146] used single-chain
30-monomer long chains which were connected over the periodic boundary to utilise
an infinite chain model, with TIP3P water, and a simulated annealing methodology.
The infinite chain model methodology could prevent the chain fully folding on itself in
the way the chains in this study did. The authors of this study state that non-infinite
chain model simulations were also run to confirm the reliability of the infinite-chain re-
sults and that these simulations were in good agreement with each other but no other
information is given, and so it is unclear whether good agreement extends to chain
structure.

More systems would need to be simulated and added to this study to provide ro-
bustness and confirm the trends seen in Table 7.3 but trends are presenting and theories
can be proposed based on these. Changing from 0.09 M to 0.36 M Na' ion concen-
tration causes G chains to have a more open structure (increased R. and R, values)
with no change in the flexibility of the chain (consistent L, values). This same change
in Na® ion concentration causes M chains to have a more closed structure (decreased
R, and R, values) with less flexibility (increased L, values). It is thought that this

is due to the different preferences for intermolecular bonding of G and M chains. G
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chains can interact more strongly with Ca?* ions than M chains, which is thought to
be due to their buckled monomer bonding forming junction sites. G chains are often
described as stiffer and therefore having a higher L, value than M chains but there
have been different conclusions throughout literature[148]. The reportedly high rigid-
ity of poly-G chains, especially in experimental work, is thought to be attributed to
the “egg-box” model rather than the poly-G chains themselves[148]. This suggests that
G chain rigidity and structure is more dependent on chain-Ca?* ion interactions than
chain-chain interactions. The creation of more open G chain structures in systems with
high Na™ ion concentration is therefore thought to be due to the interruption of these
chain-Ca?* ion interactions. With less strong chain-Ca?*-chain interactions, caused by
an increase in Na® ion concentration and the resulting Nat-Ca?* ion competition, the
chains create more open structures. The opposite seems to be true for M chains, which
bind less with Ca?T ions. These chains instead see an increased screening effect by the
Na™ ions on the alginate electrostatic repulsive forces causing the chains to somewhat

collapse and form tighter structures.

7.4.2 Dihedral distributions

Since the monomer-monomer bonding structure is important in ion coordination, as
shown in the proposed “egg-box” model in G chains, it is important to analyse this
too. The (¢, 1) plots of all G and M chains studied at 0.09 M and 0.36 M Na™ ion
concentration are shown in Figure 7.5. Examples of the monomer-monomer bonds at
highly sampled areas of these plots are labelled and shown in Figure 7.5. The most
sampled (¢, 1) combinations are similar in all plots with regions of high sampling
around v values of -120 to -60° and 90 to 180°. The areas of high sampling on the plot
increase from G to M, , as shown in Table 7.4 which presents the percentage of total
available (¢, 1) combinations sampled on each plot. This suggests there is a higher
flexibility in M monomers to twist around this glycosidic bond. This contradicts the
relatively high values of L, for M chains compared with G chains shown in Table 7.3
which denote lower flexibility in M chains. These results together imply that G chains

have an increased flexibility to bend at the glycosidic bond, as seen in their buckled
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structure, while M chain flexibility lies in its ability to twist around the glycosidic bond.
This agrees with the findings of the trimer study presented in Chapter 4 which presented
the same theory. There is also a clear increase in the (¢, ) sampling when comparing
systems of high and low Na™ ion concentration; showing that both chain types have
more freedom to twist around the glycosidic bond in high Na™ ion concentration.
This once again suggests that increasing Na™ ion concentration disrupts the strongest

intermolecular interactions in each chain, allowing more movement.

Table 7.4: Percentage of the (¢, 1) plot that is sampled at least once in G and M
systems.

% of possible (¢, 1) sampling

Chain =50 N T0.36 M
G 70.0 87.3
M 72.9 88.9

Agulhon et al. implemented the Hartree-Fock method, likely using a vacuum en-
vironment, to find low-energy G and M dimer configurations[231]. Low energy con-
figurations were found at (¢, ¢) combinations of approximately (-75, 60), (180, -135),
and (-120, -150) for G dimers and (30, -90), (-120, -165), and (-105, 0). These energy
minima do not directly correspond to the highly sampled areas shown in Figure 7.5 but
this is likely due to the different chain lengths and environments used in the study by
Agulhon et al. and the present study. The shape of the (¢,1) plots and the increase
in sampling from G to M chains, however, are similar in the study by Agulhon et al.

and this study, showing a general agreement between the works.

7.4.3 Chain-chain interactions

To help understand how changes in structure-defining properties, as presented in the
previous sections, can influence chain-chain interactions in double-chain systems, the
buried surface area (BSA) between the chains was calculated. The value of BSA for the
GG systems increased by 70.8 % from 6.8 4 0.7 nm? to 11.6 + 1.4 nm?, and for the MM
systems, a change of -26.4 % from 4.6 #+ 2.4 nm? to 3.4 & 0.9 nm? was seen when moving

from low to high Na™ ion concentration. By taking these values to be synonymous
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Figure 7.5: Occurrences of conformations defined by the ¢ (C4-O4-C1-OR) and v
(C5-C4-04-C1) dihedral angles in the single-chain systems. White space denotes no
sampling of that region. Example images of highly sampled areas, labelled A-G, are
included.

with the size of the interface between the two chains, we can see that G-G interaction

increases with increasing Na™t ion concentration while M-M interaction decreases with
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the same change. This is expected following the more open structures produced in G
systems, and more closed structure produced in M systems, with increasing Na™ ions
concentration; a more open structure would be expected to be able to form a larger
interface with other molecules. Images of these chain-chain interactions are shown in
Figure 7.6. The decrease in M-M interfacial area is visually clear and shows little to

no close contact between the chains.

GG-0.09Na MM-0.09Na

Figure 7.6: Images of alginate chains (green and red) and Ca?" ions (blue) in systems
GG-0.09Na, MM-0.09Na, GG-0.36Na, and MM-0.36Na.

To gain a clearer picture of the distance and extent of chain-chain interactions, the
chain-chain RDF's were studied; these RDFs are included in Figure 7.7. The RDF's show
the same trends as the BSA results with G-G interactions increasing with increasing
Na™ ion concentration, and M-M interactions decreasing overall with the same change.
The RDF's show us that the majority of chain-chain interaction occurs at a distance of

1 nm with the interaction distance ranging from 0.14-5 nm. The maximum distance of
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Figure 7.7: Chain to chain RDFs for GG and MM double chain systems.

the RDF's corresponds well with the R, values presented in Table 7.3. For both GG
systems, there is a chain-chain RDF peak which hits its maximum around 0.17 nm, this
is greatly reduced and instead presents as a plateau of the RDF in the MM systems.
This peak likely corresponds to chain-cation-chain interactions which occur when al-
ginate atoms are close together. The increased height of the G-G interactions at this
distance suggests that the chain-cation interactions of G chains are higher than that of
M, as theorised in the previous sections.

While the increase in G-G interfacial area and RDFs from low to high Na™ ion
concentrations could imply stronger interactions between the chains, it is not necessarily
the case. The chains are closer but there may be less chain-Ca?*-chain intermolecular
interactions and so less crosslinking. This effect is shown in Figure 7.6 in which there are
less Ca?" ions (blue) around and between the chains of both high Na* ion concentration
systems compared with the low Na™ ion concentration systems, but these images show
only a snapshot of the simulations. Chain-ion RDFs give us a more inclusive, time-
averaged view of the chain-ion interactions and allow us to make more robust hypotheses

of strength of the alginate network formed in these systems.
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Figure 7.8: RDFs of alginate to Na*, Ca?*, Cl~, and water for 0.09 M and 0.36 M
Na™ ion concentration averaged over all G and all M chains studied.

7.4.4 Ton and water radial distribution functions

The alginate-ion and -water RDFs, pooled over all G and M chains studied are shown
in Figure 7.8. The RDF peaks show that ion and water shells are present with a water
shell at 0.17 nm and an ion shell at 0.22-0.24 nm from the alginate. This is in agreement
with the ion and water shells seen in the trimer studied presented in Chapter 4, although
the trimer study RDFs presented with much clearer second shells. The lack of clear
second shells in this study is likely due to (i) the increased large-distance alginate-ion
interactions in this study produced by larger chain lengths compared with trimers and
their clusters, and (ii) the use of all chain atoms in the calculation of the RDFs in this
study compared with the use of specific oxygen atoms in the trimer study. The shape of
the RDFs and the decreased M RDF's compared with G all agree with those presented
in previous work[149, 232, 233].

The relative scales of each of the species’ RDFs can be explained by the elec-
trostatic attraction between each species and alginate. The relatively high charge of

the Ca?* ions presents favourable electrostatic interactions, while the larger water
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Table 7.5: The average and maximum Na™ ion residence times in the first shells over all
systems. Shell distances are taken as the end of the first RDF peak shown in Figure 7.8

Na™ Residence Time In First Shell (ps)
Chain Average Maximum

0.09 M | 0.36 M | 0.09 M 0.36 M
G 127 176 129598 | 154400

M 61 86 51662 | 172188

molecules with a net zero charge feel the least electrostatic attraction. The G RDF's
were greater for all ion species, showing more interaction between G chains and all ions
compared with M chains, independent of the Na™ ion concentration, as was theorised
in the chain-chain RDF discussion above. This is contrary to the results presented in
Chapter 4 which presented trends for G or M ion preference that were different for dif-
ferent alginate and ion environments. Since the trimer study investigated systems with
either Na® or Ca?*, this difference in results with the current study shows the strong
effect Ca?*t ions have in a NaT-alginate system and the extent of the ion competition
a relatively high Na™ ion concentration can produce.

The Ca?t ion RDFs reduced for both chain types with an increase in Na™t ion
concentration, indicating increased Nat-Ca?T ion competition. The Cl~ and water
RDFs were largely unaffected, as expected due to the negative or net zero charge
on these particles. The alginate-Na®™ RDFs show minimal change in G chains with
increasing Na® ion concentration, but a significant reduction in the same property
for M chains. This could be due to the open G structures allowing more alginate-ion
interactions compared with the more closed M structures. Despite these differences
in behaviour changes between G and M systems, it can be seen in Table 7.5 that the
average and maximum residence time of the Na™ ions in the first shell around both chain
types increased with increasing Na™ ion concentration. This shows that the Na™ ions
are interacting for longer at any given interaction site. This is likely due to the increased
weight Na™ ions have in the 0.36 M Na™ ion concentration systems in competition with
Ca?" ions compared with in the 0.09 M Na™ ion concentration systems allowing them
to stay in favourable positions longer before a more highly charged Ca?T ion displaces

them.

135



Chapter 7. The effect of excess Nat ion concentration on alginate structure and
cation behaviour in pure and blended alginate systems

The reduction in Ca?* ion distribution around the G chain with increasing Na*t ion
concentration shows that while G-G interactions increase as shown in Figure 7.7, there
is likely to be less crosslinking between these chains. It is likely therefore that, even with
the increase in chain-chain interactions shown in the BSA values and chain-chain RDF's
presented above, the gel strength would decrease with increasing Na™ ion concentration
in an experimental system. This agrees with the significant decrease in gel strength
seen when the same Na™ ion concentration increase was applied in the experimental

work presented in Chapter 5.

7.4.5 Comparison of G-G and M-M with G-M interactions

While the focus of this study was on the behaviour changes in alginate systems when
Na™ ion concentration increased, the G-M interactions seen in systems GM-0.09Na
and GM-0.36Na highlighted important differences between pure and blended systems.
The main difference which was seen was the increased chain-chain interaction in GM
systems compared with chain-chain interactions in GG and MM systems. The BSA for
the GM systems were 17.8 4+ 2.2 nm? and 11.3 + 0.6 nm? for the low and high Na* ion
concentration systems, respectively. This shows a large increase (161.8 %) from system
GG-0.09Na and (287.0 %) from system MM-0.09Na. This interface can be seen in the
image of system GM-0.09Na in Figure 7.9 which shows one chain (red) wrapped around
the other (green). The interface between these chains was so close, in fact, that six
Na™ ions (also shown in Figure 7.9 in yellow) become trapped between the chains when
they came together and did not leave this entrapment within the simulation time. This
entrapment is shown in the Na™ ion first shell residency time of 103.5 ns which occurred
in system GM-0.09Na.

While this Na™ ion trapping behaviour could be a product of the individual trajec-
tory studied, the G-M interactions in system GM-0.36Na were also high as evidenced
by the chain-chain RDFs presented in Figure 7.10. This, coupled with the high G-M
interaction occurrence relative to G-G and M-M seen in the trimer study presented
in Chapter 4, shows that the increased interaction of blended, compared with pure, is

likely a genuine property of alginate systems.
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Figure 7.9: Image of the chains, Ca?* (blue), and select Na™ ions (yellow) in system
GM-0.09Na. The Na't ions shown became trapped between the two chains.

Sl GG-0.09M
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Figure 7.10: The chain-chain RDF's for all double-chain systems.
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To confirm that these trends between pure and blended systems are not an effect of
the specific trajectories analysed, this study should be expanded to include more sys-
tems which have the same compositions but different initial configurations and veloci-
ties. It is also suggested that an investigation of the G-G, M-M, and G-M interactions,
perhaps through free energy profile investigations, is conducted to help shed light on

why G-M blended interactions are presenting as more favourable than G-G or M-M.

7.5 Conclusions

Molecular dynamics systems of alginate chains in dilute aqueous systems with Nat and
Ca?t salts were analysed to describe the change in behaviour of all species when the
Na™ ion concentration was increased from 0.09 M to 0.36 M. All alginate chains were
24-monomers long, and systems contained either one G and/or one M, two G, or two
M chain(s). The systems all had a Ca’*t ion concentration of 0.09 M, an alginate in
water concentration of 0.016 g/g, and enough Cl~ ions to neutralise the system charge.

From analysis of the chain conformations exhibited in all systems, it was found that
an increase in Na* ion concentration affects G and M chains differently. G chains form
more open structures with high R. and R, values while M chains become more closed
as shown through their decreased R, and R, values. These changes are accompanied
by an increase in G-G interactions and a decrease in M-M interactions as shown by
the alginate-alginate radial distribution function and buried surface area data. This
is thought to be due to the increased chain-Ca?tinteractions exhibited by G chains.
When Na™ ion concentration is increased, the strong chain-Ca?t-chain interactions in
G systems are disrupted and a more open structure is produced, while in M systems
an increase in Na™' ion concentration causes the chain-chain repulsions to be screened
causing a slight collapse of the structure on itself.

From comparison of the L, values and glycosidic bonding dihedral distributions, it
is hypothesised that G chains have more flexibility than M chains in their bending of
the glycosidic bond, as shown by their relatively low L, values. The M chains, however,

presented with a higher flexibility than the G chains in their ability to twist around
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the glycosidic bond as shown by their relatively highly sampled (¢, ¥) plots.

The alginate-ion and -water RDF's showed that water distribution around the algi-
nate chains is largely unaffected by the alginate chain or ion environments. More ion-G
interactions occurred than ion-M for all ion species. Less Ca?* ion to chain interactions
occurred with increased Na™ ion concentration, as expected with the increase in ion
competition. This shows that although there was an increase in G chain-chain inter-
actions, it is not expected that this would result in a stronger gel because there is less
network bridging.

The comparison between the pure and blended systems shows that, as in the trimer
studies presented in Chapter 4, G-M interactions were more favourable than G-G or
M-M interactions. This confirms that this was not an effect of the short chain length
used in the systems presented in Chapter 4 and is an interesting factor which is con-
trary to the widely held belief that G-G interactions are the most favourable alginate
interactions, which could be investigated further.

Trends in the data have been identified and presented in this study but it is rec-
ommended that further simulations of the same systems are added to this study to
provide robustness. These studies would ideally have the same compositions but have
different initial configurations and atom velocities to produce different trajectories. If
possible, bigger systems with more, or longer, chains, and a wider range of Na™ ion
concentrations, would also be studied to show how these chains interact and how the
properties of bigger alginate systems present, and to allow a wider and more similar
comparison to experimental systems to be made. Furthermore, bigger systems run
for longer, particularly for more than 1,000 ns, may offer insights into long-chain algi-
nate relaxation, in a way that the (compared to experimental work) short chains and

timescales presented here cannot.
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The majority of petrochemical plastics are discarded to landfill, where they can take
hundreds of years to degrade. Research into replacements using bio-polymers is there-
fore increasing. Sodium alginate is a naturally occurring polysaccharide that gels in
contact with calcium. Alginate is composed of two monomers, a-L-guluronate (G) and
B-D-mannuronate (M). The pattern and ratio of these monomers produces different
alginate properties.

The aim of this thesis was to investigate the impact of monomer type and ion
environment on the behaviour of alginate using computational and experimental inves-
tigation methods. First, a force field which describes systems of alginate, water, Na™,
Ca?*, and Cl~ ions was compiled. To complete the force field, the effects of differ-
ent alginate chain properties on the partial atomic charges were determined using the
AM1-BCC charge calculation method, and these charges were optimised for use with
any alginate chain. This force field was then used in molecular dynamics simulations of
trimers in water with Nat or Ca?T ions in which the trimer conformation, water and
ion distributions around the trimers, trimer clustering, and species mobility were inves-
tigated. Following this, a design of experiments investigation was performed to analyse
the significance of the effects of different curing conditions on the strength of calcium
alginate gels. To obtain more simulation efficiency, the alginate systems were trans-
ferred from LAMMPS to GROMACS, before simulations of 24-monomer long chains
were simulated in 0.09 M and 0.36 M Na™ ion concentration to study the effects of

different Na™* ion concentrations on the behaviour of alginate.
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In the molecular dynamics simulations of trimers, each system had 10 G, 10 M,
or 5 G and 5 M trimers, either 30 Nat or 15 Ca?* ions, and an alginate in water
concentration of 0.016 g alginate/g water, allowing the comparison between G and M
chains, systems with Na® and Ca?* ions, and pure and blended systems. G trimers
had more buckled structures shown by their lower end-to-end distances than M trimers,
G trimers presented with more flexibility in bending at the glycosidic bond as shown
in their end-to-end distance variation, while M timers were more flexible in twisting
around this same bond as shown by the dihedral torsion angle distributions. Compar-
isons of systems with Nat or Ca®t ions showed that Ca?T ions induce an increase in
trimer bending and increases in both alginate-cation and alginate-alginate interactions.
Mixing alginate chains in a blended system with Ca?* ions induced a significant in-
crease in chain-chain clustering when compared with pure G and M systems. While
conclusions were made about the behaviour of M and G chains in pure and mixed
trimer systems with Nat and Ca?" ions, there were limitations in the capacity of these
simulations to represent experimental alginate systems due to the short length of the
chains, and the low simulation efficiency, which resulted in short simulation timescales,
that did not offer the same statistical robustness of longer simulations.

To guide further computational simulations, and gain a broader description of al-
ginate systems, a full factorial design of experiments study was performed. This study
presented a systematic and comparative analysis of the most important factors in cal-
cium alginate gel strength. The effects of sodium alginate concentration, G:M ratio,
Ca?T ion concentration, Nat ion concentration, and pH on calcium alginate gel strength
were investigated. Gel samples made with different curing conditions were compression
strength tested using a Texture Analyser. It was found that all factors except pH of
the alginate aqueous solvent were significant at a confidence level of 95 %. Na' ion
concentration had a highly significant effect on gel strength, inducing a decrease in gel
strength of 30.8 % from a Na™ ion:alginate monomer molar ratio of 1:1 to 4:1.

To further examine this effect, a second molecular dynamics study was undertaken.
To overcome limitations in the previous simulation study brought on by short chain

lengths and simulation times, it was decided to transfer the model from the LAMMPS to
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GROMACS software package. The full integration of GPUs in the calculation of long-
range electrostatics, which GROMACS offers, allowed a simulation efficiency increase
from 4 to 380 ns/day.

The second molecular dynamics study investigated the effects of the same Na™ ion
concentrations studied in the experimental study on the behaviour of 24-monomer long
G and M alginate chains in dilute systems. Single or double alginate chain systems
had 1:1 Ca?*t ion:alginate monomer ratio, 1:1 or 4:1 Nat ion:alginate monomer ratio,
and an alginate in water concentration of 0.016 g/g. Increased Na™ ion concentration
resulted in G chains forming more closed structures (with lower end-to-end distance
and radius of gyration values) and presenting with a larger chain-chain interfacial area.
M chains reacted in the opposite way, forming more open structures with a decrease
in chain-chain interfacial area. Comparisons between G-G/M-M and G-M interactions
showed that, as was seen in the trimer study, G-M interactions were more favourable
than G-G or M-M interactions. Following the completion of this work, two errors were
discovered in the bonded parameters used to simulate alginate. It was outwith the scope
of this work to replicate the simulations with the corrected parameters; the corrected
parameters are included within this document to aid further work.

Following this work, the force field, including partial atomic charges, and algi-
nate structure creation python script can be used to simulate alginate systems in both
LAMMPS and GROMACS simulation software packages. It is recommended, as al-
ginate simulation studies become more prevalent, that the available force fields are
tested against experimental results to analyse their validity, and the advantages and
disadvantages of each.

The aims and objectives of this thesis have, therefore, been achieved. However, fur-
ther work would provide robustness to this work. While vast improvements were made
in the possible statistical robustness of the molecular dynamics studies by changing
from the LAMMPS to GROMACS simulation software package, this could be further
improved by increasing the alginate chain length and the size of the systems (number
of alginate chains) studied to better mimic experimental studies, and including more

Na™ ion concentrations to more widely explore the effect Na™ ion concentration has on
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alginate system behaviour.

Further work for the experimental work presented in this thesis would ideally be a
response surface model design of experiments. This would allow the curvature, iden-
tified in the design of experiments presented in this thesis, to be fully modelled and
described. It is also recommended that the mass and volume of the gels before and after
curing are noted. This would allow the degree of syneresis in each gel to be calculated
and a quantitative analysis of the alginate network constriction during gelling to be
performed. It is also recommended that mixtures of pure G and M alginate are used
in addition to differing G:M ratio alginate as part of the further experimental work
to allow the comparison of the effects of blended alginate with co-polymer alginate in
alignment with the results from both simulation studies presented in this thesis.

Following the completion of the simulations presented in Chapter 7 with the cor-
rected bonded parameters, it is recommended that the interactions between alginate
chains (G-G, M-M, and G-M) are studied in more depth computationally to under-
stand better why G-M interactions presented as more favourable than G-G or M-M
interactions. This could be carried out using umbrella sampling to calculate the free
energy profiles of pulling two alginate chains apart. By creating different environments
between the two chains (e.g. vacuum, water, ions, water and ions) and applying the
same pulling technique to each system, the strengths and coordination of the interac-
tions between different alginate chains could be quantified. This could also be used
to investigate the “egg-box” model further; this work could use different lengths of G
chains, different configurations, different positions of cations, and other variations, to
compare between systems. A trial run of umbrella sampling used to pull apart alginate
chains in a water and ion environment was performed and is presented in Appendix J
to guide this work.

Other properties whose analysis would allow a better description of alginate be-
haviour to be made include the effects of different ions other than sodium and calcium
and the alteration of alginate hydroxyl groups into other functional side groups. This
research has been presented previously but is currently limited, especially in computa-

tional studies.
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Appendix A

GLYCAM-06j, ion, and TIP3P force field param-

eters

The GLYCAM-06j force field is the carbohydrate-specific AMBER force field and was
paired with the AMBER-recommended ion parameters and TIP3P water model. Pre-
sented in the following tables and equations are the equations and parameters from
these models which were applied to the simulations in this work. Table A.1 shows
the atom types with which atoms they refer to. Tables A.2-A.4 show the parameters
involved in bond stretching, angle bending and dihedral torsions. The non-bonded

parameters are presented in Table A.5.
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Appendix A. GLYCAM-06j, ion, and TIP3P force field parameters

Table A.1: Naming, types, descriptions, and masses of atoms used in alginate simula-

tions.
Atom Type Atom Description Alginate Atoms Atom Mass
Cg sp3 aliphatic carbon Ring carbons 12.01
C sp2 carbonyl group carbon Carboxylate car- | 12.01
bon
02 hydroxyl group oxygen 0C1/2 16.00
Oh ether oxygen 01-04 16.00
Os carboxyl group oxygen OR OG 16.00
Ho hydroxyl group hydrogen Hydroxyl hydro- | 1.008
gens
Hi1 aliphatic hydrogen bonded to carbon with | Hydrogens 1.008
1 electron withdrawal group bonded to ring
carbons
H2 aliphatic hydrogen bonded to carbon with | Hydrogens 1.008
2 electron withdrawal groups bonded to ring
carbons
ow water oxygen 15.994
HwW water hydrogen 1.008
Na™ sodium ion 22.99
Ca?t calcium ion 40.078
Cl™ chlorine ion 35.453

Table A.2: Atoms and parameters involved in bond stretching.

Atom Types Involved in Bond | 1° (A) | &, (kcal/mol)
Cg-Cg 1.52 310
Ce-C 153 | 220
Cg-Oh 143 | 320
Cg-Os 1.46 285
Ce-H1 1.09 | 340
Co-H2 1.09 | 340
C-02 1.25 656
Oh-Ho 0.96 553
OW-HW 0.9572 | 450
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Appendix A. GLYCAM-06j, ion, and TIP3P force field parameters

Table A.3: Atoms and parameters involved in angle stretching.

Atom Types Involved in Angle | ° (°) | k, (kcal/mol)
Cg-Cg-Cg 113.5 | 45
Cg-Cg-Oh 107.5 | 70
Cg-Cg-H1 111 15
Cg-Oh-Ho 109.5 | 55
Cg-Os-Cg 111.6 | 50
Cg-Cg-Os 1085 | 70
Cg-Cg-H2 111 | 45
Oh-Cg-H1 110 60
Cg-CgC 111.1 | 63
Cg-C-02 115 70
Os-Cg-H2 110 60
C-Cg-Os 112.36 | 63
C-Cg-H1 109.5 | 50
02-C-02 126 80
Oh-Cg-Os 112 100
Oh-Cg-H2 110 60
Os-Cg-H1 110 | 60
0s-Cg-Os 112 100
HW-OW-HW 104.52 | 55
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Appendix A. GLYCAM-06j, ion, and TIP3P force field parameters

Table A.4: Atoms and parameters involved in dihedral torsions.

Atom Types Involved in Dihedrals | kq,, (kcal/mol) | v (°) | n (unitless)
Cg-Cg-Cg-Cg 0.45 0 1
Cg-Cg-Cg-Oh 0.1 0 3
Cg-Cg-Cg-H1 0.15 0 3
Cg-Cg-Oh-Ho 0.18 0 3
0.32 0 3
Cg-0s-Cg-C 0.45 0 2
-0.6 0 1
Cg-Os-Cg-H1 0.27 0 3
Cg-Cg-0s-Cg 0.16 0 3
-0.1 0 1
Oh-Cg-Cg-Oh 0.95 0 2
0.55 0 3
-1.1 0 1
Oh—Cg—Cg—OS 0.25 0 2
Oh-Cg-Cg-H1 0.05 0 3
Oh-Cg-Cg-H2 0.05 0 3
Cg-Cg-Cg-C 0.45 0 1
Cg-Cg-Cg-0Os -0.27 0 1
Cg-Cg-Cg-H2 0.15 0 3
0.01 0 3
Cg-Cg-C-02 -0.41 0 2
0.005 0 1
0.96 0 3
Cg-0s-Cg-Oh 1.38 0 2
1.08 0 1
Cg-Os-Cg-H2 8(13 8 g
0.96 0 3
Cg-0s-Cg-Os 1.38 0 2
1.08 0 1
0Os-Cg-Oh-Ho 0.18 0 3
Os-Cg-Cg-H1 0.05 0 3
0Os-Cg-Cg-Os 0.4 0 2
0.1 0 3
C-Cg-Cg-Oh 0.2 0 2
-2.5 0 1
C-Cg-Cg-H1 0.1 0 3
-0.1 0 3
C-Cg-Cg-Os 0.1 0 2
-1 0 1
0.02 0 3
OQ-C_Cg_OS -0.725 0 2
0.02 0 1
02-C-Cg-H1 0 0 1
H1-Cg-Cg-H2 0.17 0 3
H1-Cg-Cg-H1 0.17 0 3
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Table A.5: Non-bonded parameters.

Atom Type | o (A) | € (kcal/mol)

Cg 3.39967 | 0.10940

C 3.39967 | 0.08600

Oh 3.06647 | 0.21040

Os 3.00001 | 0.17000

02 2.95992 | 0.21000

H1 2.47135 | 0.01570

H2 2.29317 | 0.01570

Ho 0.35636 | 0.03000

OW 3.15070 | 0.10200

HW 1.00000 | 0.00000

Na™ 2.62459 | 0.03118

Ca”t 2.92571 | 0.10186

Cl~ 3.83086 | 0.52153

Continuation of Table A.4

Atom Types Involved in Dihedrals | kg, (kcal/mol) | v (°) | n (unitless)
Ho-Oh-Cg-H1 0.18 0 3
Ho-Oh-Cg-H2 0.18 0 3
C-02-02-Cg (improper) 87.864 180 | 2
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Appendix B

Example design of experiments calculations

Included in this appendix is an example design of experiments calculation which shows
how the t-test is applied to a dataset to determine statistical significance. The example
dataset is small (three values) and fictional which produced very large errors.

An example of how to calculate the standard error for an intercept effect and a

factor (sodium alginate G:M ratio) is given in Equations B.1-B.3.
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Appendix B. Example design of experiments calculations

+1 -1
Let X = |41 -1

+1 +1

where column 1 is the intercept, and column 2 is the coded levels of factor sodium alginate

G:M ratio.

10.16
Therefore, Y = |22.20

21.37
This produces a 3 matrix of

. |1201.6
B
166.08

(B.1)
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We can use this to find the model predicted values:

+1 -1
. . 1201.6
Y=X8=|+1 -1
166.08
+1 +1
1035.52
= 11035.52
1367.68

Now we calculate the residuals:

10.16 1035.52 ~1025.36
e=Y —Y = |2220| — [1035.52| = | —1013.32
921.37 1367.68 —1346.31

We use this to calculate the Sum of Squares Error (SSE):

SSE =Y (Y; - Y;)? = (~1025.36)* + (—1013.32)® + (1346.31)* = 3890731
=1
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Appendix B. Example design of experiments calculations

Now we calculate the Mean Squared Error (MSE) using the Degrees of Freedom (DF):

DF=n-p=3-2=1

Where n is the number of runs and p is the number of parameters.

SSE 3890731
DF

MSE = = 3890731

We now use the matrix (X7 X)~! which we calculated when finding § to find the Standard

Error (SE) for the intercept and sodium alginate G:M ratio:

SE(B1) = \/ MSE x (X7X)y}!

E(By) = \/MSE X (XTX) o

Where (X7 X))} and (X7 X),, denote the row (first number) and column (second number)
to pull from the matrix, and links to which factor is being assessed: the first (intercept) or

the second (sodium alginate G:M ratio).
SE(B1) = V3890731 x 3 = 11672194

SE(fB2) = /3890731 x 3 = 11672194

(B.3)

Following the calculation of the standard error for each factor, and compounded

factor, we can calculate the t-statistic for each of these effects. The null hypothesis
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Appendix B. Example design of experiments calculations

here is that 8 = 0 and the factor has no effect on the response. The alternative
hypothesis is 8 # 0 and the factor does have an effect on the response. The examples
given in Equations B.1-B.3 are continued in Equation B.4. We use the DF value and
the confidence level of the test (0.05) to find our critical t-value. This employs t-tables
which are readily available. For DF' = 1, a = 0.05, and a two-tailed test, the critical
t-value is 12.71. If our t-statistics are above 12.71 or below -12.71, we reject the null
hypothesis. If it is between -12.71 and 12.71, we accept the null hypothesis. Since both
the test-statistics found in Equation B.4 are within the critical t-value range, we accept
the null hypothesis and can conclude that in this small example dataset neither the
intercept nor the sodium alginate G:M ratio had a statistically significant effect on the

response values.

A~

. Bi
SE(B;)
3 1201.6
PO S =1.03x107* (B.4)
SE(f) 11672194
3 166.
to Bo_ _ 16608 . o 1075

T SE(f,) 11672194
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Appendix C

Example Calculation of Mulliken Charges

As an example of calculating Mulliken charges, we will look at the partial atomic
charges on a carbon to oxygen (C-O) bond. Each of these atoms have a 2s, 2p,, 2p,
and 2p, orbital. For simplicity we will look only at the bond formed by the 2s orbitals.
To construct the molecular orbital we will use Linear Combination of Atomic Orbitals
(LCAO) as shown in Equation C.1, where v is the molecular or bonding orbital created
when the C and O atoms bond, ¢ is a coefficient which shows how much each atom
contributes to the bond and therefore determines bond polarity, x is the atomic basis

function, and C' and O represent the atoms involved in the bond.

¢bondmg = ccXxc + coxo (Cl)

To find the coefficients cc and cp, we use Equation C.2 where H is the Coulomb
integral which represents the interaction of an electron with the nucleus of the atom
it belongs to, and F is the bonding orbital energy. We use empirical values as seen in

Equation C.2.

cc _ Hoo — FE

CO E - HCC

cc  —32.3eV — (—25eV)
co —25eV — (—21.4eV)
cc

— =2.03eV
co

We then normalise the molecular orbital to ensure that the total probability of
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Appendix C. Example Calculation of Mulliken Charges

finding an electron is 1. The normalisation condition given in Equation C.1 where Sco
is the overlap integral between the carbon atomic orbital and the oxygen atomic orbital

and is approximated to 0.2, and we use Equation C.2 to simplify the calculation.

C% + 020 + 2cccoSco =1
(2.03¢0)? + & +2(2.03¢0)co(0.2) = 1
(C.3)
co = +0.41

therefore: ¢ = +0.83

From these coefficients, we can calculate the density matrix elements of the bond.
The elements describe how the electrons are distributed among orbitals and atoms. For

closed-shell systems we use Equation C.4.

P;W =2 E Ciuciu
7

Poc = 22020 =1.38 (C.4)
Poo = 22&) =0.34

Pro = 2chco = 0.68

We can now calculate the Mulliken partial charges using Equation C.5.

¢ = Pi;Sii + PcoSco
qc = PocScc + PcoSco = 1.38 x 14 0.68 x 0.2 = +1.52 (C.5)

qo = PooSoo + PcoSco = 0.34 x 1+ 0.68 x 0.2 = 40.48

These values mean that the carbon atom in the C-O bond has 1.52 electrons of the
2 available and oxygen has 0.48 electrons; creating a negative C atom and positive O
atom.

Jakalian et al. published a list of bond charge corrections which can be applied
directly to the bond in question. The bond charge correction for a C-O bond as we
have been using in our example is 0.04. We apply this to the Mulliken partial charges

calculated previously as shown in Equation C.6. This gives us final charge distribution
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Appendix C. Example Calculation of Mulliken Charges

of C getting 1.48 electrons of the 2 available and oxygen getting the rest, meaning that

the carbon atom is negatively charged and the oxygen atom is positively charged.

Qi =q; £ BCC
Qc =qgc— BCC =+1.52—-0.04 =+1.48 (0.6)

Qo = qo + BCC = +0.48 4+ 0.04 = 40.52
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Appendix D

Further results and images from Chapter 3

Included below are the images and charge results of all structures study in analysis
of geometric fluctuation effects on partial atomic charges. The images of all G and M
monomer structures, dimer structures, and trimer structures are included in Figures D.1
and D.2, D.5 and D.6, and D.9 and D.10, respectively. The partial atomic charge results
are included in Figures D.3 and D.4, D.7 and D.8, and D.11 and D.12, respectively.

%

1 2 3 4 5 6

Figure D.1: All G monomer structures used in the study of effects of geometric fluctu-
ations on partial atomic charges.

AR

Figure D.2: All M monomer structures used in the study of effects of geometric fluctu-
ations on partial atomic charges.
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Figure D.3: Atomic partial charges for all G monomer structures used in the study of
effects of geometric fluctuations on partial atomic charges.
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Figure D.4: Atomic partial charges for all M monomer structures used in the study of
effects of geometric fluctuations on partial atomic charges.

The following images show the individual atomic partial charges calculated in the

study which investigated the effects of chain lengthening on the partial atomic charges.
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Figure D.5: All G dimer structures used in the study of effects of geometric fluctuations
on partial atomic charges.

d
" v <
bis (%]
1 2 3

Figure D.6: All M dimer structures used in the study of effects of geometric fluctuations
on partial atomic charges.

The results include charges for the 1’-end (Figure D.13), middle (Figure D.14), and
4’-end (Figure D.15) monomer types.

A comparison of the partial atomic charges calculated in this work with values used
in literature is presented in Table D.1. The partial atomic charges taken from the works

by Li et al. 2021, Perry et al. 2006, and Panczyk et al. 2018 are from lists of general

189



Appendix D. Further results and images from Chapter 3

1.0 Cé cé E] W) m3 =4 m5
A B

0.5 HO2 HO3 HO1 HO2 HO3 HO4
lIg ¢ g © T i

0 0 ([} ll ][] |I|||||I I||| ilan ..l [[[][} 1 Illl |l|||ll| ullt Tk s

. HH ||H ||| H1H2 H3 H4H5 C1 H1H2 H3 H4 HS5
-0.5 04 oOr
-1.0 001/2

Figure D.7: Atomic partial charges for all G dimer structures used in the study of
effects of geometric fluctuations on partial atomic charges.
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Figure D.8: Atomic partial charges for all M dimer structures used in the study of
effects of geometric fluctuations on partial atomic charges.

charges where each atom type is assigned a charge, which is used in every instance of
that atom type [152, 181, 234]. The work by Anderson et al. 2009 found the charges
for a specific tetramer of alginate (and a dimer which is not included here) and so
both middle monomers for the tetramer are included in Table D.1. The charges from
literature presented in Table D.1 are commonly scaled to give a molecule charge of -N
where N is the number of monomers included in the alginate chain. This produces an

average charge of -1 per monomer.
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Figure D.9: All G trimer structures used in the study of effects of geometric fluctuations
on partial atomic charges.

Figure D.10: All M trimer structures used in the study of effects of geometric fluctua-
tions on partial atomic charges.
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Figure D.11: Atomic partial charges for all G trimer structures used in the study of
effects of geometric fluctuations on partial atomic charges.
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Figure D.12: Atomic partial charges for all M trimer structures used in the study of
effects of geometric fluctuations on partial atomic charges
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Figure D.13: Atomic partial charges for 1’-end monomers in all chain lengths used in
the study of effects of chain lengthening on partial atomic charges.
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Figure D.14: Atomic partial charges for middle monomers in all chain lengths used in
the study of effects of chain lengthening on partial atomic charges.
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Figure D.15: Atomic partial charges for 4’-end monomers in all chain lengths used in
the study of effects of chain lengthening on partial atomic charges.
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Within this thesis, the work by Li et al. 2021[152] is referenced often, especially
in Chapters 4 and 7, as a comparison between alginate systems. There are minimal
differences between the charges calculated in Chapter 3 and those used by Li et al.
2021, as shown in Table D.1. The differences in the oxygen atoms, which interact with
the system cations, are particularly minimal. This shows that differences seen in the
behaviour of alginate, water, and cations in simulated systems in this work and the
work by Li et al. 2021[152] is not likely to be due to differences in the alginate partial

atomic charges.
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Appendix E

Python script used to create alginate structures

The script included in Listing E.1 creates a structure file for a user defined chain
length of either G or M residues. The script included in Listing E.2 is required to run

Listing E.1 as it contains all the necessary data relevant to the G and M residues.

Listing E.1: Python script to create ordered G and M chains of any length. Listing E.2

must be in working directory.

#Python script to write molecule template files for M or G monomers, MG
combination dimers, or pure chains of any length for the create_atoms

LAMMPS method.

HARHHAARBHARARBHARARBHARAH
#Import necessary software

HHHHAHHHBRAHHBRAH AR RAHHRRS

import pickle

import coordinates

HU#HHHHBHBR AR
#Step 1: Header
HUHHHHRBHBR SRS

#Get number of monomers in chain required and whether it is M or G

monomers

chain_length int (input (’Chain length? 7))
monomer_type = input(’monomer type? ’)

#if chain_length != 2:
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Appendix E. Python script used to create alginate structures

#

monomer_type

input (’monomer

if chain_length == 2:

monomerl_type

monomer2_type

chain_description

input (’monomer

input (’monomer

type? )
1 type? )
2 type? )

input (’Chain length and monomer type? (for header in

mol temp file only) )

#Calculate number of atoms, bonds,

chain length specified

angles, dihedrals, and impropers for

if chain_length == 1:
atoms = 22
bonds = 22
angles = 38
dihedrals = 58
else:
atoms = 21 + (19 * (chain_length - 2)) + 20
bonds = 21 + (20 * (chain_length - 2)) + 21
angles = 41 + (37 * (chain_length - 2)) + 34
dihedrals = 65 + (58 * (chain_length - 2)) + 51
impropers = chain_length

#Write header to molecule template file

with open(’polymer_moltemp’,

‘w’) as f:

f.write(’#Molecule template file created through python script for

#Write number of

£

Hh Hh Hh b

chain of

.write(’\n’
.write(’\n’
.write(’\n’
.write(’\n’

.write(’\n’

)

atoms, bonds, angles,

+

+

+

+

+

+ chain_description + ’\n’)

str (atoms)
str (bonds)
str (angles)
str (dihedrals)

str (impropers)

HHHHAHHHAAHHBAAFHBAAH SR AR SR RS

#Step

2: Coordinates of atoms

HHHHAHHHAAHHBAAFH B AR HH B RS R SRS

+

+

)

bl
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bonds ’)
angles’)
dihedrals’)

impropers’ + ’\n’ )
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#import pickled lists

M_x_coords pickle.load(open("M_x_coords.p", "rb"))

M_y_coords = pickle.load(open("M_y_coords.p", "rb"))
M_z_coords = pickle.load(open("M_z_coords.p", "rb"))

n’ Hrbll))

p
p
p
G_x_coords = pickle.load(open("G_x_coords.p", "rb"))
G_y_coords = pickle.load(open("G_y_coords.p

p

G_z_coords = pickle.load(open("G_z_coords.p", "rb"))
#Create atom lists for each monomer type and dimer types
atom_types_full = []

for atom in M_x_coords:

atom_types_full.append(atom)

atom_types_lend = []
for atom in M_x_coords:
atom_types_lend.append(atom)

del atom_types_lend[-3]

#don’t delete 01 as needed in positioning monomer
atom_types_mid = []
for atom in M_x_coords:
atom_types_mid.append(atom)
del atom_types_mid[-1]
del atom_types_mid[-2]

del atom_types_mid [12]

#don’t delete 01 as needed in positioning monomer
atom_types_4end = []
for atom in M_x_coords:
atom_types_4end.append(atom)
del atom_types_4end[-1]
del atom_types_4end[12]

71

)

’2

atom_names = [’1C1’, ’1Cc2’, ’102°, ’1C3’, ’103°’, >1Cc4’, >104°, ’1C5°,
Or’, ’1C6’, ’10(co002)’, ’10(co01)’, ’101’, ’1H1’>, ’1H2’, ’1H(O0H2)’,
iH3’, ’1H(OH3)’, ’1H4’, ’1H5’, ’1H(OH1)’, ’2C1’, ’2C2’, ’202’, ’2C3’,
>203°, ’2c4’, ’204’, ’2¢5’, ’20r’, ’2C6’, ’20(cCc002)°’, ’20(cC001)°,
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Appendix E. Python script used to create alginate structures

Hi’, ’2H2’, ’2H(0H2)’, ’2H3’, ’2H(0H3)’, ’2H4’, ’20(0H4)’, ’2H5’]

#Insert coordinates section title

with open(’polymer_moltemp’, ’a’) as f:

f.write(’\n’ + ’Coords #atom coordinates [ID x y z]’ + ’\n’
+ ’\n’)
#A - Monomers
if chain_length == 1:
#A1 - M monomer
if monomer_type == ’lI’ or monomer_type == ‘m’:

#Write each atom’s x, y, and z coordinates preceded by the atom
number to file
with open("polymer_moltemp", "a") as f:

for atom, n in zip(atom_types_full, range(1,23)):

f.write(str(n) + ° ° + str(M_x_coords[atom]) + ’ ’ + str
(M_y_coords [atom]) + ’° 7 + str(M_z_coords[atom]) + ’\
n’ o)
#A2 - G monomer
elif monomer_type == ’'G’ or monomer_type == ’‘g’:

#Write each atom’s x, y, and z coordinates preceded by the atom
number to file
with open("polymer_moltemp", "a") as f:

for atom, n in zip(atom_types_full, range(1,23)):

f.write(str(n) + ’° ° + str(G_x_coords[atom]) + ’ ’ + str
(G_y_coords[atom]) + ’ ’ + str(G_z_coords[atom]) + ’\
n’ )
#C - Chains
else:
if monomer_type == ’lM’ or monomer_type == ’‘m’:

with open(’polymer_moltemp’, ’a’) as f:

for atom, n in zip(atom_types_lend, range(1,22)):
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Appendix E. Python script used to create alginate structures

f.write(str(n) + + str(M_x_coords[atom]) + + str
(M_y_coords[atom]) + + str(M_z_coords[atom]) +
)
k = 22
for i in range(l, chain_length - 1):
if i % 2 == 0:
c =1
else:
c = -1

for atom in atom_types_mid:

if ¢ == -1:
f.write(str(k) + + str(pow(-1, i) *
M_x_coords [atom]) + + str(M_y_coords [atom
] - (3 % i)) + + str(pow(-1, i) *
M_z_coords [atom] - 3) + )
kK += 1
elif ¢ == 1:
f.write(str(k) + + str(pow(-1, i) =*
M_x_coords[atom]) + + str(M_y_coords[atom
1 - (3 % 1)) + + str(pow(-1, i) =*
M_z_coords[atom]) + )
kK += 1

for atom in atom_types_4end:

if chain_length % 2 == 0:
c = -1
else:
c =1
if ¢ == -1:
f.write(str(k) + + str(pow(-1, chain_length - 1)
* M_x_coords[atom]) + + str(M_y_coords [atom]
- (3 * (chain_length - 1))) + + str(pow (-1,
chain_length - 1) * M_z_coords[atom] - 3) + )
kK += 1
elif ¢ == 1:
f.write(str(k) + + str(pow(-1, chain_length - 1)
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Appendix E. Python script used to create alginate structures

* M_x_coords[atom]) + + str(M_y_coords [atom]
- (3 * (chain_length - 1))) + + str(pow(-1,
chain_length - 1) * M_z_coords[atom]) + )
k += 1
elif monomer_type == or monomer_type ==
with open ( s ) as f:

for atom, n in zip(atom_types_lend, range(1,22)):

f.write(str(n) + + str(G_x_coords[atom]) + + str
(G_y_coords[atom]) + + str(G_z_coords[atom]) +
)
k = 22
for i in range(1, chain_length - 1):
if i % 2 == 0:
c =1
else:
c = -1

for atom in atom_types_mid:

if ¢ == -1:
f.write(str(k) + + str(-1 * G_x_coords[atom
1+ + str(G_y_coords[atom] - (3 * i)) +
+ str(-1 * G_z_coords[atom] + 3) + )
kK += 1
elif ¢ == 1:
f.write(str(k) + + str(G_x_coords[atom]) +
+ str(G_y_coords[atom] - (3 * i)) + +
str (G_z_coords [atom]) + )
kK += 1

for atom in atom_types_4end:
if chain_length % 2 == 0:

c = -1

if ¢ == -1:

f.write(str(k) + + str(-1 * G_x_coords[atom]) +
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+ str(G_y_coords[atom] - (3 * (chain_length -
1))) + + str(-1 * G_z_coords[atom] + 3) +
)
k += 1
elif ¢ == 1:
f.write(str (k) + + str(G_x_coords[atom]) + +

str(G_y_coords [atom] - (3 * (chain_length - 1)))

+ + str(G_z_coords[atom]) + )
kK += 1
HHAHHHAHAHAHERHS
#Step 3: Types
HHAHHHAHAHAHAERS
#import pickled lists
atom_types = pickle.load (open( , ))

#Create atom lists for each of the four monomer types
atom_types_full = []
for atom in atom_types:

atom_types_full.append(atom)

atom_types_lend = []
for atom in atom_types:
atom_types_lend.append(atom)

del atom_types_lend[-3]

atom_types_mid = []

for atom in atom_types:
atom_types_mid.append (atom)

del atom_types_mid[-1]

del atom_types_mid[-2]

del atom_types_mid[12]

atom_types_4end = []

for atom in atom_types:
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201 atom_types_4end.append (atom)
202 |del atom_types_4end[-1]

203 |del atom_types_4end[12]

205 |#Create lists of atom types for monomers and chains
206 | types_full = []

[]

208 |types_mid = []

207 | types_lend

209 | types_4end = []

210 |types_chain = []

212 |if chain_length == 1:
13 for atom in atom_types_full:

214 types_chain.append(atom_types[atom])

216 |elif chain_length > 1:
217 for atom in atom_types_lend:
218 types_chain.append(atom_types[atom])

219 types_chain[6] = 5

220 for i in range(1, (chain_length - 1)):

221 for atom in atom_types_mid:

222 types_chain.append(atom_types[atom])
223 types_chain[-13] = 5

224 for atom in atom_types_4end:

225 types_chain.append(atom_types [atom])

226

227 |#Write atom types and atom numbers to file

228 |with open( s ) as f:

229 f.write( +

230 a =1

231 for i in range(len(types_chain)):

232 f.write( + str(a) + + str(types_chain[i]))
233 a += 1

235 | #HRBHBBHHARHARHS
236 |#Step 4: Charges
237 | HERFHHAHHARHARHS
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#import relevant pickled lists

#M

M_charges_full = pickle.load (open/( , ))
M_charges_lend = pickle.load (open( , ))
M_charges_mid = pickle.load (open( , ))
M_charges_4end = pickle.load (open( , ))
#G

G_charges_full = pickle.load (open/( , )
G_charges_lend = pickle.load (open( , ))
G_charges_mid = pickle.load (open( ) )
G_charges_4end = pickle.load (open( , ))

#Write header and charges to file

with open ( , ) as f:
f.write( + +
)
i=1
if chain_length == 1:
if monomer_type == or monomer_type ==

for charges in M_charges_full:

f.write( + str(i) + + str(M_charges_full[charges
1)
i+=1
elif monomer_type == or monomer_type ==

for charges in G_charges_full:

f.write( + str(i) + + str(G_charges_full[charges
1)
i+=1
elif chain_length == 2:
if monomerl_type == or monomerl_type ==

for charges in M_charges_1lend:

f.write( + str(i) + + str(M_charges_lend[charges

1)
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Appendix E. Python script used to create alginate structures

i+=1
elif monomerl_type == or monomerl_type ==

for charges in G_charges_1lend:

f.write( + str(i) + + str(G_charges_lend[charges
1
i+= 1
if monomer2_type == or monomer2_type ==

for charges in M_charges_4end:

f.write( + str(i) + + str(M_charges_4end[charges
IDD)
i 4= 1
elif monomer2_type == or monomer2_type ==

for charges in G_charges_4end:

f.write( + str(i) + + str(G_charges_4end[charges
1)
i+=1
else:
if monomer_type == or monomer_type ==
for charges in M_charges_lend:
f.write( + str(i) + + str(M_charges_lend[charges
1)
i+=1
for j in range(chain_length - 2):
for charges in M_charges_mid:
f.write( + str(i) + + str(M_charges_mid[
charges]))
i +=1
for charges in M_charges_4end:
f.write( + str(i) + + str(M_charges_4end[charges
1)
i+=1
elif monomer_type == or monomer_type ==

for charges in G_charges_1lend:
f.write( + str(i) + + str(G_charges_lend[charges

1)
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301 i +=1

302 for j in range(chain_length - 2):

303 for charges in G_charges_mid:

304 f.write( + str(i) + + str(G_charges_mid[
charges]))

305 i +=1

306 for charges in G_charges_4end:

307 f.write( + str(i) + + str(G_charges_4end[charges

1)

310 | HH#H#HFHARHHAHHH
311 |#Step 5: Bonds

312 | HHEAHBAHBHHERHH

314 |#load necessary pickled lists

315 |b_type_full = pickle.load(open( » ))
316 |b_atoml_full = pickle.load(open( , ))
317 |[b_atom2_full = pickle.load (open/( , ))
318

319 |b_type_lend = pickle.load(open( » ))
320 |b_atoml_lend = pickle.load(open( , ))
321 |b_atom2_lend = pickle.load(open( , ))
322

323 | b_type_mid = pickle.load (open( ) ))
324 |b_atoml_mid = pickle.load(open( s ))
325 |b_atom2_mid = pickle.load (open( , ))
326

327 |b_type_4end = pickle.load(open( , ))
328 |b_atoml_4end = pickle.load (open( s ))
320 |b_atom2_4end = pickle.load (open( , ))

331 |#create empty lists to add pickled values to

332 | bond_type_full, bond_atoml_full, bond_atom2_full, bond_type_lend,
bond_atoml_lend, bond_atom2_lend, bond_type_mid, bond_atoml_mid,
bond_atom2_mid, bond_type_4end, bond_atoml_4end, bond_atom2_4end =
o, o, o, no,mn, mn, mn,m, o, o, i, 1
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#create lists of necessary values

for a, b, ¢ in zip(b_type_full, b_atoml_full, b_atom2_full):
bond_type_full.append(b_type_fulll[al)
bond_atoml_full.append(b_atoml_£full[b])

bond_atom2_full.append(b_atom2_full[c])

for d, e, f in zip(b_type_lend, b_atoml_lend, b_atom2_1lend):
bond_type_lend.append(b_type_lend[d])
bond_atoml_1lend.append(b_atoml_1lend[e])

bond_atom2_1lend.append(b_atom2_1lend[£f])

for g, h, i in zip(b_type_mid, b_atoml_mid, b_atom2_mid):
bond_type_mid.append(b_type_midl[g]l)
bond_atoml_mid.append(b_atoml_mid[h])

bond_atom2_mid.append(b_atom2_mid[i])

for j, k, 1 in zip(b_type_4end, b_atoml_4end, b_atom2_4end):
bond_type_4end.append(b_type_4end[j])
bond_atoml_4end.append(b_atoml_4end[k])

bond_atom2_4end.append(b_atom2_4end[1])

#Write header
with open/( s ) as f:
f.write( + +

+ )

#Monomers

1]
]
-

if chain_length
with open( s ) as f:
for i in range(len(bond_type_full)):
f.write( + str(i + 1) + + str(bond_type_full[i]) +
+ str(bond_atoml_full[i]) + + str(bond_atom2_fulll([
i1))

#Dimers and chains

else:
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with open( s ) as f:

for i in range(len(bond_type_lend)):

f.write( + str(i + 1) + + str(bond_type_lend[i]) +
+ str(bond_atoml_1lend[i]) + + str(bond_atom2_1lend[
il))
f.write( + str(i + 2) + + str(4) + + str(7) +
str (22))
j = 23
1 =21

for k in range(chain_length - 2):

for i in range(len(bond_type_mid)):

f.write( + str(j) + + str(bond_type_mid[i]) +

+ str(bond_atoml_mid[i] + 1) +
bond_atom2_mid[i] + 1))
g4t
f.write( + str(j) + + str(4) +
+ str(l + 1 + 19))
j+=1
1 += 19

for i in range(len(bond_type_4end)):

+ str(

+ str(7 + 1) +

f.write( + str(j) + + str(bond_type_4end[i]) + +
str(bond_atomi_4end[i] + 1) + + str(bond_atom2_4end[i
1 + 1))
o=
HAEHHHARHHHRHHES

#Step 6: Angles
HHARHARAARAR RIS

#load necessary pickled lists

a_type_full = pickle.load(open( R

a_atoml_full pickle.load (open(

a_atom2_full pickle.load (open(

a_atom3_full pickle.load (open(

a_type_1lend pickle.load (open( s

208
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306 |a_atoml_lend = pickle.load (open( , ))
307 |a_atom2_lend = pickle.load (open( , )
308 |a_atom3_lend = pickle.load (open( , ))

399

100 |a_type_mid = pickle.load(open( ) ))

101 |a_atoml_mid = pickle.load(open( ) )
102 |a_atom2_mid = pickle.load(open( , ))
103 |a_atom3_mid = pickle.load(open( , )
104

105 |a_type_4end = pickle.load(open/( ) ))
106 |a_atoml_4end = pickle.load (open( , ))
107 |a_atom2_4end = pickle.load (open( ) )
105 |a_atom3_4end = pickle.load (open( , ))

109
110 |#create empty lists to add necessary values to

111 |angle_type_full, angle_atoml_full, angle_atom2_full, angle_atom3_full,
angle_type_lend, angle_atoml_lend, angle_atom2_lend, angle_atom3_1lend
, angle_type_mid, angle_atoml_mid, angle_atom2_mid, angle_atom3_mid,
angle_type_4end, angle_atoml_4end, angle_atom2_4end, angle_atom3_4end
=0, 0,0, 0,10, 10,10, 0,10, a0, 0,0, m,,m4,1m,, a1

113 |#create lists of angle parameters

114 |for a, b, ¢, d in zip(a_type_full, a_atoml_full, a_atom2_full,
a_atom3_full):

115 angle_type_full.append(a_type_full[al)

116 angle_atoml_full.append(a_atoml_full[b])

117 angle_atom2_full.append(a_atom2_full[c])

118 angle_atom3_full.append(a_atom3_full[d])

420 |for e, £, g, h in zip(a_type_lend, a_atoml_lend, a_atom2_1lend,
a_atom3_1end):

421 angle_type_lend.append(a_type_lend[e])

122 angle_atoml_lend.append(a_atoml_1lend[£f])

423 angle_atom2_lend.append(a_atom2_lend[g])

124 angle_atom3_lend.append(a_atom3_lend[h])

126 |for i, j, k, 1 in zip(a_type_mid, a_atoml_mid, a_atom2_mid, a_atom3_mid)
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angle_type_mid.append(a_type_mid[i])
angle_atoml_mid.append(a_atoml_mid[j])
angle_atom2_mid.append(a_atom2_mid[k])

angle_atom3_mid.append(a_atom3_mid[1])

for m, n, o, p in zip(a_type_4end, a_atoml_4end, a_atom2_4end,

a_atom3_4end) :
angle_type_4end.append(a_type_4end[m])
angle_atoml_4end.append(a_atoml_4end[n])
angle_atom2_4end.append(a_atom2_4end[o])

angle_atom3_4end.append(a_atom3_4end[p])

#Write to File
with open( s ) as f:

f.write( + +

#monomers
if chain_length == 1:
with open( s ) as f:

for i in range(len(angle_type_full)):

f.write( + str(i + 1) + + str(

angle_type_full[i]) + + str(
angle_atoml_full[i]) + + str(
angle_atom2_full[i]) + + str(
angle_atom3_full[i]))

#dimers and chains

else:

with open( s ) as f:
for i in range(len(angle_type_lend)):
f.write( + str(i + 1) + + str(angle_type_lend[i]) +
+ str(angle_atoml_lend[i]) + + str(

angle_atom2_1lend[i]) + + str(angl
i+= 1

f.write( + str(i + 1) + + str(8) +
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str(7)
f.write(
str (22)
f.write(
str (22)
f.write(
str (22)
j = 42
1 =21

for k in range(chain_length - 2):

+ + str(22))
+ str(i + 2) +
+ + str(23))
+ str(i + 3) +
+ + str(30))
+ str(i + 4) +

+ + str(35))

+ str(13) +

+ str(12) +

+ str(13) +

+ str(7) +

+ str(7) +

+ str(7) +

for i in range(len(angle_type_mid)):

for i

f.write(

angle_atom2_mid[i] + 1) +

in range(len(angle_type_4end)):

f.write(

angle_atom2_4end[i] + 1) +

[i] + 1))

i+
HHAHHAH AR B AR HAH SR H
#Step 7: Dihedrals

+ str(j) +

+ str(angle_atoml_mid[i] + 1) +

1+ 1))
joas 1
.write( + str(j) +
+ + str(7 + 1)
.write( + str(j + 1) +
+ + str(l1 + 1 + 19)
.write ( + str(j + 2) +
+ + str(l1 + 1 + 19)
.write ( + str(j + 3) +
+ + str(l1 + 1 + 19)
+= 4
+= 19

+ str(j) +

+ str(angle_atoml_4end[i] + 1) +

1
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+ str(angle_type_mid[i]) +

+ str(

+ str(angle_atom3_mid[i

str(8) + + str(6
+ str(1 + 1 + 19))

str(13) + + str (7
+ str(2 + 1 + 19))
str(12) + + str(7
+ str(9 + 1 + 19))
str(13) + + str(7

+ str(14 + 1 + 19))

+ str(

1)

1)

1)

1)

+ str(angle_type_4end[i]) +

+ str(angle_atom3_4end
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HHHBAAAHHBRARHHREH

#load necessary pickled lists

d_type_full pickle.load (open( ,

d_atoml_full = pickle.load (open( s
d_atom2_full = pickle.load (open( ,
d_atom3_full = pickle.load (open( s

d_atom4_full = pickle.load(open( s

d_type_lend = pickle.load(open( s

d_atoml_lend = pickle.load (open( s
d_atom2_lend = pickle.load (open( ,
d_atom3_lend = pickle.load (open( s

d_atom4_lend = pickle.load(open( s

d_type_mid = pickle.load (open( ,
d_atoml_mid = pickle.load(open( s
d_atom2_mid = pickle.load(open( ,
d_atom3_mid = pickle.load(open( s
d_atom4_mid = pickle.load(open( ,
d_type_4end = pickle.load(open( ,

d_atoml_4end = pickle.load(open( s
d_atom2_4end = pickle.load (open( s
d_atom3_4end = pickle.load (open( s

d_atom4_4end = pickle.load (open( s

#create empty lists for pickled values

))
))
))
))
))

))
))
))
))
))

))
))
))
))
))

))
))
))
))
))

dihed_type_full, dihed_atoml_full, dihed_atom2_full, dihed_atom3_full,

dihed_atom4_full, dihed_type_lend, dihed_atoml_lend, dihed_atom2_1lend

, dihed_atom3_1end, dihed_atom4_lend, dihed_type_mid,

dihed_atoml_mid

, dihed_atom2_mid, dihed_atom3_mid, dihed_atom4_mid, dihed_type_4end,

dihed_atoml_4end, dihed_atom2_4end, dihed_atom3_4end,
dihed_atomé4_4end = [1, (1, (1, (1, (1, (1, (1, 01, (1,
o, o, mo, o, o, mo, m, 1

#create lists of necessary values
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500 |[for a, b, ¢, d, e in zip(d_type_full, d_atoml_full, d_atom2_full,

d_atom3_full, d_atom4_full):
dihed_type_full.append(d_type_full[al)
dihed_atoml_full.append(d_atoml_full[b])
dihed_atom2_full.append(d_atom2_full[c])
dihed_atom3_full.append(d_atom3_full[d])
dihed_atom4_full.append(d_atom4_full[e])

for f, h, i,

d_atoml_1lend, d_atom2_1end,

g3
d_atom3_1lend,

j in zip(d_type_1lend,
d_atom4_1lend):
dihed_type_1lend.append(d_type_lend[£f])
dihed_atoml_lend.append(d_atoml_lend([g])
dihed_atom2_lend.append(d_atom2_1lend[h])
dihed_atom3_lend.append(d_atom3_1lend[i])
dihed_atom4_lend.append(d_atom4_1lend[j])

for k, 1, m, n, o in zip(d_type_mid, d_atoml_mid, d_atom2_mid,

d_atom3_mid, d_atom4_mid):

dihed_type_mid.append(d_type_mid[k])

dihed_atoml_mid.append(d_atoml_mid[1])

dihed_atom2_mid.append(d_atom2_mid[m])

dihed_atom3_mid.append(d_atom3_mid[n])

dihed_atom4_mid.append(d_atom4_mid[o])

for p, r, s, t in zip(d_type_4end, d_atoml_4end, d_atom2_4end,

q:
d_atom3_4end, d_atom4_4end):

dihed_type_4end.append(d_type_4end([p]l)

dihed_atoml_4end.
33 dihed_atom2_4end.
dihed_atom3_4end.

35 dihed_atom4_4end.

#Write to file

with open(

f.write( +

append(d_atoml_4end[q])
append (d_atom2_4end[r])
append (d_atom3_4end [s])

append (d_atom4_4end [t])

s ) as f:

213




556

560

Appendix E. Python script used to create alginate structures

#monomers
if chain_length == 1:
with open( , ) as f:
for i in range(len(dihed_type_full)):
f.write( + str(i + 1) +
dihed_type_full[i]) +
dihed_atoml_full[il) +
dihed_atom2_full[i]) +
dihed_atom3_full[il) +

dihed_atom4_full[i]))

#chains
else:
with open( , ) as f:
for i in range(len(dihed_type_1lend)):
f.write( + str(i + 1) +
+ str(dihed_atoml_1lend[i]) +
dihed_atom2_1end[i]) +
+ str(dihed_atom4_1lend[i]))
+ str(6) +

f.write( + str(i + 2) +

+

+ str(7) + + str(6)

f.write( + str(i + 3) + + str(7) +

+ str(6) + + str(7)

+

f.write( + str(i + 4) + + str(7) +

+ str(6) + + str(7)

+

f.write( + str(i + 5) + + str(14) +

+ str(7) + + str(1 + 21) +

f.write( + str(i + 6) + + str(7) +

+ str(1 + 21) + + str(7)

+

f.write( + str(i + 7) + + str(13) +

+ str(7) + + str(1 + 21)

+

f.write( + str(i + 8) + + str(13) +

+ str(9 + 21) + + str(l + 21) +
f.write( + str(i + 9) + + str(10) +
+ str(l + 21) + + str(2 + 21) +
f.write( + str(i + 10) + + str(9) +
+ str(2 + 21) + + str(l + 21) +
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+ str(

+ str(

+ str(

+ str(

+ str(

+ str(

+

+

+

+ str(dihed_type_lend[i]) +

+ str(dihed_atom3_1end[i]) +

str (1 + 21) +
str (19))

str (8) +
str(1 + 21))

str (4) +
str(1 + 21))
str (6) +

str (13 + 21))

str(2 + 21) +
str(6))

str (6) +
str(9 + 21))

str(8 + 21) +
str (7))

str (7) +
str(14 + 21))

str(3 + 21) +
str (7))




Appendix E. Python script used to create alginate structures

561 f.write( + str(i + 11) + + str(11) + + str(4 + 21) +
+ str(2 + 21) + + str(l + 21) + + str (7))

562

563 jo=1i + 12

564 1 =21

565 for k in range(chain_length - 2):

566 for i in range(len(dihed_type_mid)):
567 f.write( + str(j) + + str(dihed_type_mid[i]) +
+ str(dihed_atoml_mid[i] + 1) + + str(
dihed_atom2_mid[i] + 1) + + str(dihed_atom3_mid[i
] + 1) + + str(dihed_atom4_mid[i] + 1))
568 jo+=1
569 f.write( + str(j) + + str(6) + + str(l + 1
+ 19) + + str(7 + 1) + + str(6 + 1) +
+ str(19 + 1))
570 f.write( + str(j + 1) + + str(7) + + str(8 + 1
) + + str(6 + 1) + + str(7 + 1) +

+ str(1 + 1 + 19))

571 f.write( + str(j + 2) + + str(7) + + str(4 + 1
) + + str(6 + 1) + + str(7 + 1) +
+ str(l + 1 + 19))
572 f.write( + str(j + 3) + + str(14) + + str(6 + 1
) + + str(7 + 1) + + str(l + 1 + 19) +
+ str(13 + 1 + 19))
573 f.write( + str(j + 4) + + str(7) + + str(2 + 1
+ 19) + + str(l1 + 1 + 19) + + str(7 + 1) +
+ str(6 + 1))
574 f.write( + str(j + 5) + + str(13) + + str(6 + 1
) + + str(7 + 1) + + str(l1 + 1 + 19) +
+ str(9 + 1 + 19))
575 f.write( + str(j + 6) + + str(13) + + str(8 + 1
+ 19) + + str(9 + 1 + 19) + + str(l1 + 1 + 19) +
+ str(7 + 1))
576 f.write( + str(j + 7) + + str(10) + + str(7 + 1
) + + str(l1 + 1 + 19) + + str(2 + 1 + 19) +
+ str(14 + 1 + 19))
577 f.write( + str(j + 8) + + str(9) + + str(3 + 1
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+ 19) + + str(2 + 1 + 19) + + str(l1 + 1 + 19) +

+ str(7 + 1))
f.write( + str(j + 9) + + str(11) + + str(4 + 1
+ 19) + + str(2 + 1 + 19) + + str(l + 1 + 19) +

+ str(7 + 1))

for i in range(len(dihed_type_4end)):

f.write( + str(j) + + str(dihed_type_4end[i]) +
+ str(dihed_atoml_4end[i] + 1) + + str(
dihed_atom2_4end[i] + 1) + + str(dihed_atom3_4end[i]
+ 1) + + str(dihed_atom4_4end[i] + 1))
jo+= 1
HHAHHAHARBAHHEHEHS

#Step 8: Impropers

HHHBAARHHBRARHHREH
parameters = pickle.load (open( , ))
improper_parameters = []

for a in parameters:

improper_parameters.append(parameters[al)

#Write to file

with open( s ) as f:

f.write( + +

+ )

#monomers
if chain_length == 1:

with open( s ) as f:

f.write( + str(1) + + str(improper_parameters [0]) +
+ str(improper_parameters [1]) + + str(improper_parameters
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[2]) + + str(improper_parameters[3]) + + str(

improper_parameters [4]))

#dimers and chains

else:
with open( s ) as f:
k=1
f.write( + str(k) + + str(improper_parameters [0]) +
+ str(improper_parameters[1]) + + str(improper_parameters
[2]) + + str(improper_parameters[3]) + + str(

improper_parameters [4]))

j =21
k += 1
for i in range(chain_length - 1):
f.write( + str(k) + + str(improper_parameters[0]) +
+ str(improper_parameters[1] + j) + + str(
improper_parameters [2] + j) + + str(
improper_parameters [3] + j) + + str(
improper_parameters [4] + j))
j += 19
k += 1

Listing E.2: Python script that contains and pickles all necessary data for Listing E.1.

#Pickles for coordinates

import pickle

HHEHHHAHHEREH
#COORDINATES
HHEHHHAHHERHH

#Atom Types
atom_types = { 1, 1, : 4, 1, : 4, 1,
4, 1, . 5, : 2, . 3, : 3, 4,
8, 7, . 6, 7, . 6, 7,
6, 7, : 6}
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pickle.dump(atom_types, open(’atom_types.p’, ’wb’))
HHHAHAHEHARSH
#M
#M full monomer
M_x_coords = {"Ci1": 1.353, "C2": 1.965, "02": 2.080, "C3": 1.058, "03":
1.683, "c4": -0.346, "04": -1.219, "C5": -0.868, "Or": 0.036, "C6":
-2.226, "0O(cCo02)": -2.380, "0O(cCOO1)": -3.265, "0O1": 2.164, "H1":
1.304, "H2": 2.952, "H(OH2)": 2.638, "H3": 1.010, "H(OH3)": 2.472, "
H4": -0.306, "H(OH4)": =-2.127, "H5": -0.947, "H(OH1)": 1.835}
M_y_coords = {"C1": 1.165, "Cc2": -0.110, "02": 0.023, "C3": -1.300, "03"
-2.484, "Cc4": -1.025, "04": -2.096, "C5": 0.286, "Or": 1.345, "C6":
0.594, "0(cCOo02)": 1.570, "O(CCOO1)": -0.216, "0O1": 2.288, "H1":
1.079, "H2": -0.273, "H(OH2)": 0.762, "H3": -1.432, "H(OH3)": -2.718,
"H4": -0.942, "H(OH4)": -1.988, "H5": 0.188, "H(OH1)": 3.132}
M_z_coords = {"C1": -0.692, "C2": -0.106, "02": 1.312, "C3": -0.437, "03
“: 0.169, "C4": 0.109, "04": -0.257, "C5": -0.486, "Or": -0.167, "C6"
0.092, "0O(CoO2)": 0.787, "OC(CCoO1)": -0.167, "0O1": -0.339, "H1":
-1.777, "H2": -0.538, "H(OH2)": 1.593, "H3": -1.518, "H(OH3)":
-0.131, "H4": 1.195, "H(OH4)": 0.056, "H5": -1.568, "H(OH1)": -0.677}
pickle.dump(M_x_coords, open("M_x_coords.p", "wb"))
pickle.dump(M_y_coords, open("lM_y_coords.p", "wb"))
pickle.dump(M_z_coords, open("M_z_coords.p", "wb"))
HHHHBRAHSHERAHS
#G
#G full monomer
G_x_coords = {"Ci": -1.185, "C2": -1.774, "02": -3.192, "C3": -1.165, "
03": -1.525, "C4": 0.359, "04": 0.721, "C5": 0.866, "Or": 0.238, "C6"
2.360, "0O(CoO02)": 3.166, "O(COO1)": 2.832, "0O1": -1.536, "H1'":
-1.582, "H2": -1.543, "H(0OH2)": -3.643, "H3": -1.540, "H(OH3)":
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-2.478, "H4": 0.804, "H(OH4)": 1.674, "H5": 0.626, "H(OH1)": -1.195%}
G_y_coords = {"Ci1": 1.216, "C2": -0.158, "02": -0.125, "C3": -1.204, "03
": -0.902, "C4": -1.176, "04": -1.542, "C5": 0.237, "Or": 1.164, "C6"
0.287, "0(coo2)": -0.429, "O(cCOoO1)": 0.973, "O1": 1.577, "H1":
1.957, "H2": -0.416, "H(OH2)": 0.521, "H3": -2.193, "H(OH3)": -0.895,
"H4A": -1.880, "H(OH4)": -1.546, "H5": 0.500, "H(OH1)": 2.439}
G_z_coords = {"Ci1": 0.417, "C2": 0.746, "02": 0.569, "C3": -0.193, "03":
-1.543, "C4": -0.050, "O4": 1.283, "C5": -0.348, "Or": 0.540, "C6":

-0.152, "O0(coo02)": -0.951, "O(CCOO1)": 0.724, "O1": -0.920, "HI1":

1.110, "H2": 1.780, "H(OH2)": 1.130, "H3": 0.071, "H(OH3)": -1.704, "

H4": -0.754, "H(OH4)": 1.445, "H5": -1.378, "H(OH1)": -1.197%}

pickle.dump(G_x_coords, open("G_x_coords.p", "wb"))
pickle.dump(G_y_coords, open("G_y_coords.p", "wb"))
pickle.dump(G_z_coords, open("G_z_coords.p", "wb"))

HHHHHHEHR

#CHARGES

HHHHHHHRHS

G_charges_full = {"C1": 0.2955, "C2": 0.0973, "02": -0.603, "C3":

0.1053, "03": -0.616, "C4": 0.1193, "04": -0.6451, "C5": -0.037, "Oxr"
-0.4094, "Ce6": 0.9404, "0O(COD0O2)": -0.8169, "O(CCOO1)": -0.8169, "O1"
-0.6691, "H1": 0.0648, "H2": 0.0989, "H(OH2)": 0.4158, "H3":

0.0829, "H(OH3)": 0.4168, "H4": 0.0478, "H(OH4)": 0.4659, "H5":

0.0348, "H(OH1)": 0.4279}

M_charges_full = {"C1": 0.2996, "C2": 0.052, "02": -0.6132, "C3": 0.107,
"g3": -0.5922, "Cc4": 0.109, "04": -0.6282, "C5": -0.0319, "Or":

-0.4132, "C6": 0.9268, "0O(CO0D2)": -0.8135, "0O(COO1)": -0.8135, "O1":

-0.6012, "H1": 0.0666, "H2": 0.0806, "H(OH2)": 0.4226, "H3": 0.0836,

"H(OH3)": 0.4016, "H4": 0.0377, "H(OH4)": 0.4545, "H5": 0.0417, "H(
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0.4236}
G_charges_lend = { : 0.3364, : 0.0621, 1 -0.6727,

0.081, : -0.6631, : 0.1556, : -0.4136, : -0.0045,
-0.4322, : 0.9759, : -0.8724, : -0.8724,
-0.6685, : 0.081, : 0.1247, : 0.476, : 0.1087,

0.4186, : 0.0744, : 0.0271, : 0.4279}
M_charges_lend = { : 0.2877, : 0.086, : -0.567, : 0.1007,
-0.5769, : 0.0942, : -0.4875, : -0.0176,

-0.4027, : 0.8774, : -0.7787, : -0.7787,

-0.5765, : 0.0619, : 0.0699, : 0.3999, : 0.0427,

0.4013, : 0.0598, : 0.0464, : 0.4077%}

G_charges_mid = { 0.2978, : 0.0978, : -0.6571,

0.1117, : -0.6341, : 0.1393, : -0.4038, : 0.0027,
-0.4239, : 0.9578, : -0.8612, : -0.8612,
0.0657, : 0.0768, : 0.4719, : 0.0792,

0.422, : 0.0795, : 0.0391}

M_charges_mid = { 0.1356, : 0.0349, : -0.5894,
0.1004, : -0.6073, : 0.1257, : -0.51009, : -0.1093,
-0.1871, : 0.9328, : -0.8099, : -0.8099,
0.2152, : 0.0796, : 0.4146, : 0.0552,
0.4056, : 0.067, : 0.0572}
G_charges_4end = { : 0.2645, : 0.0797, : -0.5755,
0.1157, : -0.5605, : 0.1065, : -0.5678, : -0.0005,
-0.3528, : 0.8175, : -0.7505, : -0.7505,
0.0442, : 0.0815, : 0.4253, : 0.0338,

0.375, : 0.0301, : 0.3976, : 0.0367}

M_charges_4end = { : 0.1415, : 0.0046, : -0.6806,

0.1272, : -0.6689, : 0.1674, : -0.71, : -0.1237,
-0.2012, : 1.0434, : -0.9038, : -0.9038,
0.2406, : 0.0833, : 0.4651, : 0.061,

0.4494, : 0.0867, : 0.5086, : 0.0632}
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pickle.dump(M_charges_full, open(’M_charges_full.p’, ’wb’))
pickle.dump (G_charges_full, open(’G_charges_full.p’, ’wb’))
pickle.dump(M_charges_lend, open(’M_charges_lend.p’, ’wb’))
pickle.dump(G_charges_lend, open(’G_charges_lend.p’, ’wb’))
pickle.dump(M_charges_mid, open(’M_charges mid.p’, ’wb’))
pickle.dump(G_charges_mid, open(’G_charges _mid.p’, ’wb’))
pickle.dump(M_charges_4end, open(’M_charges_4end.p’, ’wb’))
pickle.dump(G_charges_4end, open(’G_charges_4end.p’, ’wb’))
HH#HHHH
#BONDS
HH#HHHH
#bond_type = {1: 1, 2: 1, 3: 1, 4: 1, 5: 2, 6: 3, 7: 3, 8: 4, 9: 4, 10:
4, 11: 4, 12: 5, 13: 5, 14: 6, 15: 6, 16: 6, 17: 6, 18: 6, 19: 7, 20:
7, 21: 7, 22: T}
#bond_atoml = {1: 1, 2: 2, 3: 4, 4: 6, 5: 8, 6: 10, 7: 10, 8: 1, 9: 2,
10: 4, 11: 6, 12: 1, 13: 8, 14: 2, 15: 4, 16: 6, 17: 8, 18: 1, 19: 3,
20: 5, 21: 7, 22: 13}
#bond_atom2 = {1: 2, 2: 4, 3: 6, 4: 8, 5: 10, 6: 11, 7: 12, 8: 13, 9: 3,
10: 5, 11: 7, 12: 9, 13: 9, 14: 15, 15: 17, 16: 19, 17: 21, 18: 14,
19: 16, 20: 18, 21: 20, 22: 22}
#pickle.dump (bond_type, open(’bond_type.p’, ’wb’))
#pickle.dump (bond_atoml, open(’bond_atoml.p’, ’wb’))
#pickle.dump (bond_atom2, open(’bond_atom2.p’, ’wb’))
#Full monomer
bond_type_full = {1: 1, 2: 1, 3: 1, 4: 1, 5: 2, 6: 3, 7: 3, 8: 4, 9: 4,
10: 4, 11: 4, 12: 5, 13: 5, 14: 6, 15: 6, 16: 6, 17: 6, 18: 6, 19: 7,
20: 7, 21: 7, 22: T}
bond_atoml_full = {1: 1, 2: 2, 3: 4, 4: 6, 5: 8, 6: 10, 7: 10, 8: 1, 9:
2, 10: 4, 11: 6, 12: 1, 13: 8, 14: 2, 15: 4, 16: 6, 17: 8, 18: 1, 19:
3, 20: 5, 21: 7, 22: 13}
bond_atom2_full = {1: 2, 2: 4, 3: 6, 4: 8, 5: 10, 6: 11, 7: 12, 8: 13,
9: 3, 10: 5, 11: 7, 12: 9, 13: 9, 14: 15, 15: 17, 16: 19, 17: 21, 18:
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14, 19: 16, 20: 18, 21: 20, 22: 22}
pickle.dump(bond_type_full, open( s ))
pickle.dump(bond_atoml_full, open( ) ))
pickle.dump (bond_atom2_full, open( , ))
#1’-end monomer
bond_type_lend = {1: 1, 2: 1, 3: 1, 4: 1, 6: 2, 6: 3, 7: 3, 8: 4, 9: 4,
10: 4, 11: 4, 12: 5, 13: 5, 14: 6, 15: 6, 16: 6, 17: 6, 18: 6, 19: 7,
20: 7, 21: 7}
bond_atomil_1lend = {1: 1, 2: 2, 3: 4, 4: 6, 5: 8, 6: 10, 7: 10, 8: 1, 9:
2, 10: 4, 11: 6, 12: 1, 13: 8, 14: 2, 15: 4, 16: 6, 17: 8, 18: 1, 19:
3, 20: 5, 21: 13}
bond_atom2_lend = {1: 2, 2: 4, 3: 6, 4: 8, 5: 10, 6: 11, 7: 12, 8: 13,
9: 3, 10: 5, 11: 7, 12: 9, 13: 9, 14: 15, 15: 17, 16: 19, 17: 20, 18:
14, 19: 16, 20: 18, 21: 21}
pickle.dump (bond_type_lend, open( , ))
pickle.dump(bond_atoml_lend, open( s ))
pickle.dump(bond_atom2_1lend, open( R ))
#Middle monomer
bond_type_mid = {1: 1, 2: 1, 3: 1, 4: 1, 5: 2, 6: 3, 7: 3, 8: 4, 9: 4,
10: 4, 11: 5, 12: 5, 13: 6, 14: 6, 15: 6, 16: 6, 17: 6, 18: 7, 19: T}
bond_atoml_mid = {1: 1, 2: 2, 3: 4, 4: 6, 5: 8, 6: 10, 7: 10, 8: 2, 9
4, 10: 6, 11: 1, 12: 8, 13: 2, 14: 4, 15: 6, 16: 8, 17: 1, 18: 3, 19:
5}
bond_atom2_mid = {1: 2, 2: 4, 3: 6, 4: 8, 5: 10, 6: 11, 7: 12, 8: 3, 9
5, 10: 7, 11: 9, 12: 9, 13: 14, 14: 16, 15: 18, 16: 19, 17: 13, 18:
15, 19: 17}
pickle.dump (bond_type_mid, open( ) ))
pickle.dump (bond_atoml_mid, open( s ))
pickle.dump (bond_atom2_mid, open( ) ))

#4’-end monomer
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bond_type_4end = {1: 1, 2: 1, 3: 1, 4: 1, 5: 2, 6: 3, 7: 3, 8: 4, 9: 4,
10: 4, 11: 5, 12: 5, 13: 6, 14: 6, 15: 6, 16: 6, 17: 6, 18: 7, 19: 7,
20: 7}
bond_atoml_4end = {1: 1, 2: 2, 3: 4, 4: 6, 5: 8, 6: 10, 7: 10, 8: 2, 9:
4, 10: 6, 11: 1, 12: 8, 13: 2, 14: 4, 15: 6, 16: 8, 17: 1, 18: 3, 19:
5, 20: 7}
bond_atom2_4end = {1: 2, 2: 4, 3: 6, 4: 8, 5: 10, 6: 11, 7: 12, 8: 3, 9:
5, 10: 7, 11: 9, 12: 9, 13: 14, 14: 16, 15: 18, 16: 20, 17: 13, 18:
15, 19: 17, 20: 19}
pickle.dump(bond_type_4end, open( ) ))
pickle.dump(bond_atoml_4end, open( s ))
pickle.dump (bond_atom2_4end, open/( R ))
HHEHHHHH
#ANGLES
HHEHHHHH
#Full monomer
angle_type_full = {1: 1, 2: 1, 3: 1, 4: 2, 5: 3, 6: 3, 7: 3, 8: 3, 9: 3,
10: 3, 11: 3, 12: 4, 13: 4, 14: 5, 15: 5, 16: 5, 17: 5, 18: 5, 19:
5, 20: 5, 21: b5, 22: 6, 23: 6, 24: 7, 25: 7, 26: 7, 27: 7, 28: 8, 29:
9, 30: 10, 31: 11, 32: 12, 33: 13, 34: 13, 35: 13, 36: 13, 37: 13,
38: 13}
angle_atoml_full = {1: 1, 2: 2, 3: 4, 4: 6, 5: 2, 6: 1, 7: 4, 8: 2, 9:
6, 10: 4, 11: 8, 12: 2, 13: 6, 14: 1, 15: 4, 16: 2, 17: 6, 18: 4, 19:
8, 20: 6, 21: 2, 22: 8, 23: 8, 24: 2, 25: 4, 26: 6, 27: 1, 28: 1,
29: 10, 30: 10, 31: 11, 32: 13, 33: 3, 34: 5, 35: 7, 36: 13, 37: 7,
38: 9}
angle_atom2_full = {1: 2, 2: 4, 3: 6, 4: 8, 5: 1, 6: 2, 7: 2, 8: 4, 9:
4, 10: 6, 11: 6, 12: 1, 13: 8, 14: 2, 15: 2, 16: 4, 17: 4, 18: 6, 19:
6, 20: 8, 21: 1, 22: 10, 23: 10, 24: 3, 25: 5, 26: 7, 27: 13, 28: 9,
29: 8, 30: 8, 31: 10, 32: 1, 33: 2, 34: 4, 35: 6, 36: 1, 37: 8, 38:
1}
angle_atom3_full = {1: 4, 2: 6, 3: 8, 4: 10, 5: 13, 6: 3, 7: 3, 8: 5, 9:
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5, 10: 7, 11: 7, 12: 9, 13: 9, 14:
19, 19: 19, 20: 21, 21: 14, 22: 11,
27: 22, 28: 8, 29: 9, 30: 21, 31: 12
36: 14, 37: 21, 38: 14}
pickle.dump(angle_type_full, open(
pickle.dump(angle_atoml_full, open(
pickle.dump(angle_atom2_full, open(
pickle.dump(angle_atom3_full, open(
#1’end monomer
angle_type_lend = {1: 1, 2: 1, 3: 1, 4:
10: 3, 11: 3, 12: 4, 13: 4, 14: 5,
5, 20: 5, 21: 5, 22: 6, 23: 6, 24: 7
10, 30: 11, 31: 12, 32: 13, 33: 13,
angle_atoml_lend = {1: 1, 2: 2, 3: 4, 4:
6, 10: 4, 11: 8, 12: 2, 13: 6, 14: 1
8, 20: 6, 21: 2, 22: 8, 23: 8, 24:
29: 10, 30: 11, 31: 13, 32: 3, 33: b
angle_atom2_1lend = {1: 2, 2: 4, 3: 6, 4:
4, 10: 6, 11: 6, 12: 1, 13: 8, 14: 2
6, 20: 8, 21: 1, 22: 10, 23: 10, 24:
29: 8, 30: 10, 31: 1, 32: 2, 33: 4,
angle_atom3_1lend = {1: 4, 2: 6, 3: 8, 4:
5, 10: 7, 11: 7, 12: 9, 13: 9, 14:
19, 19: 19, 20: 20, 21: 14, 22: 11,
27: 8, 28: 9, 29: 20, 30: 12, 31: 9,
36: 20, 37: 14}
pickle.dump(angle_type_lend, open(
pickle.dump(angle_atoml_lend, open(
pickle.dump(angle_atom2_1lend, open(
pickle.dump(angle_atom3_1lend, open(

#Middle monomer
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15, 15: 15, 16: 17, 17: 17, 18:

23: 12, 24: 16, 25: 18, 26: 20,

, 32: 9, 33: 15, 34: 17, 35: 19,

) ))
s ))
> ))
s ))

2, 5: 3, 6: 3, 7: 3, 8: 3, 9: 3,

16: 5, 16: 5, 17: 5, 18: 5, 19:

, 26: 7, 26: 7, 27: 8, 28: 9, 29:
34: 13, 35: 13, 36: 13, 37: 13}
6, 5: 2, 6: 1, 7: 4, 8: 2, 9:

, 16: 4, 16: 2, 17: 6, 18: 4, 19:

2, 26: 4, 26: 1, 27: 1, 28: 10,

, 34: 7, 35: 13, 36: 7, 37: 9}

8, 5: 1, 6: 2, 7: 2, 8: 4, 9:

, 16: 2, 16: 4, 17: 4, 18: 6, 19:
3, 25: 5, 26: 13, 27: 9, 28: 8,
34: 6, 35: 1, 36: 8, 37: 1}

10, 5: 13, 6: 3, 7: 3, 8: 5, 9:
16, 15: 15, 16: 17, 17: 17, 18:
23: 12, 24: 16, 25: 18, 26: 21,

32: 15, 33: 17, 34: 19, 35: 14,

> ))
s ))
> ))
s ))
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angle_type_mid = {1: 1, 2: 1, 3: 1, 4: 2, 5: 3, 6: 3, 7: 3, 8: 3, 9: 3,
10: 3, 11: 4, 12: 4, 13: 5, 14: 5, 15: 5, 16: 5, 17: 5, 18: 5, 19: 5,
20: 5, 21: 6, 22: 6, 23: 7, 24: 7, 25: 8, 26: 9, 27: 10, 28: 11, 29:
13, 30: 13, 31: 13, 32: 13, 33: 13}
angle_atoml_mid = {1: 1, 2: 2, 3: 4, 4: 6, 5: 1, 6: 4, 7: 2, 8: 6, 9: 4,
10: 8, 11: 2, 12: 6, 13: 1, 14: 4, 15: 2, 16: 6, 17: 4, 18: 8, 19:
6, 20: 2, 21: 8, 22: 8, 23: 2, 24: 4, 25: 1, 26: 10, 27: 10, 28: 11,
29: 3, 30: 5, 31: 7, 32: 7, 33: 9}
angle_atom2_mid = {1: 2, 2: 4, 3: 6, 4: 8, 5: 2, 6: 2, 7: 4, 8: 4, 9: 6,
10: 6, 11: 1, 12: 8, 13: 2, 14: 2, 15: 4, 16: 4, 17: 6, 18: 6, 19:
8, 20: 1, 21: 10, 22: 10, 23: 3, 24: 5, 25: 9, 26: 8, 27: 8, 28: 10,
29: 2, 30: 4, 31: 6, 32: 8, 33: 1}
angle_atom3_mid = {1: 4, 2: 6, 3: 8, 4: 10, 5: 3, 6: 3, 7: 5, 8: 5, 9:
7, 10: 7, 11: 9, 12: 9, 13: 14, 14: 14, 15: 16, 16: 16, 17: 18, 18:
18, 19: 19, 20: 13, 21: 11, 22: 12, 23: 15, 24: 17, 25: 8, 26: 9, 27:
19, 28: 12, 29: 14, 30: 16, 31: 18, 32: 19, 33: 13}

pickle.dump (angle_type_mid, open( , ))

pickle.dump (angle_atoml_mid, open( ) ))
pickle.dump(angle_atom2_mid, open( ) )
pickle.dump (angle_atom3_mid, open( ) ))

#4’end monomer

angle_type_4end = {1: 1, 2: 1, 3: 1, 4: 2, 5: 3, 6: 3, 7: 3, 8: 3, 9: 3,
10: 3, 11: 4, 12: 4, 13: 5, 14: 5, 15: 5, 16: 5, 17: 5, 18: 5, 19:
5, 20: 5, 21: 6, 22: 6, 23: 7, 24: 7, 25: 7, 26: 8, 27: 9, 28: 10,
29: 11, 30: 13, 31: 13, 32: 13, 33: 13, 34: 13}
angle_atoml_4end = {1: 1, 2: 2, 3: 4, 4: 6, 5: 1, 6: 4, 7: 2, 8: 6, 9:
4, 10: 8, 11: 2, 12: 6, 13: 1, 14: 4, 15: 2, 16: 6, 17: 4, 18: 8, 19:
6, 20: 2, 21: 8, 22: 8, 23: 2, 24: 4, 25: 6, 26: 1, 27: 10, 28: 10,
29: 11, 30: 3, 31: 5, 32: 7, 33: 7, 34: 9}
angle_atom2_4end = {1: 2, 2: 4, 3: 6, 4: 8, 5: 2, 6: 2, 7: 4, 8: 4, 9:
6, 10: 6, 11: 1, 12: 8, 13: 2, 14: 2, 15: 4, 16: 4, 17: 6, 18: 6, 19:
8, 20: 1, 21: 10, 22: 10, 23: 3, 24: 5, 25: 7, 26: 9, 27: 8, 28: 8,
29: 10, 30: 2, 31: 4, 32: 6, 33: 8, 34: 1}
angle_atom3_4end = {1: 4, 2: 6, 3: 8, 4: 10, 5: 3, 6: 3, 7: 5, 8: 5, 9:
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7, 10: 7, 11: 9, 12: 9, 13: 14, 14: 14, 15: 16, 16: 16, 17: 18, 18:
18, 19: 20, 20: 13, 21: 11, 22: 12, 23: 15, 24: 17, 25: 19, 26: 8,
27: 9, 28: 20, 29: 12, 30: 14, 31: 16, 32: 18, 33: 20, 34: 13}
pickle.dump(angle_type_4end, open( s ))
pickle.dump(angle_atoml_4end, open( ))
pickle.dump(angle_atom2_4end, open( ))
pickle.dump(angle_atom3_4end, open( ))
HHAHHHHHEHRE
#DIHEDRALS
HHAHHHHHEHRE
#Full monomer
dihed_type_full = {1: 1, 2: 1, 3: 1, 4: 2, 5: 2, 6: 2, 7: 2, 8: 2, 9:
15, 10: 2, 11: 11, 12: 11, 13: 3, 14: 3, 15: 3, 16: 3, 17: 3, 18: 3,
19: 12, 20: 12, 21: 4, 22: 4, 23: 4, 24: 4, 25: 4, 25: 4, 26: 4, 27:
4, 28: 4, 29: 19, 30: 19, 31: 19, 32: 19, 33: 7, 34: 7, 35: 5, 36:
13, 37: 14, 38: 6, 39: 16, 40: 16, 41: 17, 42: 17, 43: 8, 44: 8, 45
8, 46: 9, 47: 9, 48: 10, 49: 10, 50: 10, 51: 10, 52: 10, 53: 10, 54:
10, b55: 18, 56: 18, 57: 18, 58: 18}
dihed_atomi_full = {1: 1, 2: 2, 3: 4, 4: 13, 5: 5, 6: 3, 7: 7, 8: 5, 9:
7, 10: 19, 11: 9, 12: 9, 13: 17, 14: 15, 15: 19, 16: 17, 17: 21, 18:
14, 19: 6, 20: 6, 21: 16, 22: 22, 23: 16, 24: 18, 25: 18, 26: 20, 27:
20, 28: 9, 29: 16, 30: 18, 31: 20, 32: 22, 33: 8, 34: 1, 35: 1, 36:
13, 37: 14, 38: 21, 39: 9, 40: 9, 41: 21, 42: 12, 43: 13, 44: 3, 45:
5, 46: 3, 47: 7, 48: 13, 49: 3, 50: 5, b51: 7, 52: 3, b53: 15, b54: 19,
55: 15, 56: 17, 57: 19, 58: 15}
dihed_atom2_full = {1: 2, 2: 4, 3: 6, 4: 1, 5: 4, 6: 2, 7: 6, 8: 4, 9:
6, 10: 6, 11: 1, 12: 8, 13: 4, 14: 2, 15: 6, 16: 4, 17: 8, 18: 1, 19:
8, 20: 8, 21: 3, 22: 13, 23: 3, 24: 5, 26: 5, 26: 7, 27: 7, 28: 1,
29: 3, 30: 5, 31: 7, 32: 13, 33: 9, 34: 9, 35: 8, 36: 1, 37: 1, 38:
8, 39: 8, 40: 8, 41: 8, 42: 10, 43: 1, 44: 2, 45: 4, 46: 2, 47: 6,
48: 1, 49: 2, 50: 4, b51: 6, 52: 2, b53: 2, b54: 6, b5b: 2, b6: 4, 57: 6,
58: 2}
dihed_atom3_full = {1: 4, 2: 6, 3: 8, 4: 2, 5: 2, 6: 4, 7: 4, 8: 6, 9:
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58:
dihed_atom4_£full

10,
19:
22,

8,

47 :
56:

pickle
pickle

pickle

pickle.

pickle.

#1’end

dihed_type_1lend

20,
19:

19
16,
10,
55:

dihed_atoml_1end

7 b
14,
16,

55:

dihed_atom2_1lend

10: 8, 11: 2, 12: 6, 13: 2, 14: 4, 15: 4, 16: 6, 17: 6, 18: 2, 19:
, 20: 10, 21: 2, 22: 1, 23: 2, 24: 4, 25: 4, 26: 6, 27: 6, 28: 13,
2, 30: 4, 31: 6, 32: 1, 33: 1, 34: 8, 35: 9, 36: 9, 37: 9, 38
39: 10, 40: 10, 41: 10, 42: 8, 43: 2, 44: 4, 45: 6, 46: 1, 47: 8,
2, 49: 4, 50: 2, 51: 8, b2: 1, 53: 1, b4: 8, b55: 4, 56: 6, 57: 8,

1}
= {1: 6, 2: 8, 3: 10, 4: 4, 5: 1, 6: 6, 7: 2, 8: 8, 9:
10: 10, 11: 4, 12: 4, 13: 1, 14: 6, 15: 2, 16: 8, 17: 4, 18: 4,
11, 20: 12, 21: 1, 22: 2, 23: 4, 24: 2, 25: 6, 26: 4, 27: 8, 28:
29: 15, 30: 17, 31: 19, 32: 14, 33: 2, 34: 6, 35: 1, 36: 8, 37
38: 1, 39: 11, 40: 12, 41: 11, 42: 21, 43: 3, 44: 5, 45: 7, 46: 9,
9, 48: 15, 49: 17, 50: 15, 51: 21, 52: 14, 53: 9, 54: 9, 55: 17,
19, 57: 21, 58: 14}
.dump (dihed_type_full, open( ) ))
.dump (dihed_atoml_full, open( , ))
.dump (dihed_atom2_full, open( , ))
dump (dihed_atom3_full, open( , ))
dump (dihed_atom4_full, open( y ))
monomer
= {1: 1, 2: 1, 3: 1, 4: 2, 5: 2, 6: 2, 7: 11, 8: 2, 9:
10: 2, 11: 11, 12: 11, 13: 3, 14: 3, 156: 3, 16: 3, 17: 3, 18: 3,
12, 20: 12, 21: 4, 22: 4, 23: 4, 24: 4, 25: 4, 26: 4, 27: 19, 28:
, 29: 19, 30: 7, 31: 7, 32: 5, 33: 13, 34: 14, 35: 6, 36: 16, 37:
38: 17, 39: 17, 40: 8, 41: 8, 42: 9, 43: 9, 44: 21, 45: 10, 46:
47: 10, 48: 10, 49: 10, 50: 10, 51: 10, 52: 18, 53: 18, 54: 18,
18}
= {1: 1, 2: 2, 3: 4, 4: 13, 5: 5, 6: 3, 7: 7, 8: 5, 9:
10: 19, 11: 9, 12: 9, 13: 17, 14: 15, 15: 19, 16: 17, 17: 20, 18:
19: 6, 20: 6, 21: 16, 22: 21, 23: 16, 24: 18, 25: 18, 26: 9, 27:
28: 18, 29: 21, 30: 8, 31: 1, 32: 1, 33: 13, 34: 14, 35: 1, 36:
37: 9, 38: 20, 39: 20, 40: 13, 41: 3, 42: 5, 43: 3, 44: 7, 45: 13,
3, 47: 5, 48: 20, 49: 3, 50: 15, b1: 19, 52: 15, 53: 17, 54: 19,
15}
= {1: 2, 2: 4, 3: 6, 4: 1, 5: 4, 6: 2, 7: 6, 8: 4, 9:
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6, 10: 6, 11: 1, 12: 8, 13: 4, 14: 2, 15: 6, 16: 4, 17: 8, 18: 1, 19:
8, 20: 8, 21: 3, 22: 13, 23: 3, 24: 5, 25: b, 26: 1, 27: 3, 28: b,
29: 13, 30: 9, 31: 9, 32: 9, 33: 1, 34: 1, 35: 9, 36: 8, 37: 8, 38
8, 39: 8, 40: 1, 41: 2, 42: 4, 43: 2, 44: 6, 45: 1, 46: 2, 47: 4, 48
8, 49: 2, 50: 2, 51: 6, 52: 2, 53: 4, 54: 6, 55: 2}
dihed_atom3_1end = {1: 4, 2: 6, 3: 8, 4: 2, 5: 2, 6: 4, 7: 4, 8: 6, 9:
8, 10: 8, 11: 2, 12: 6, 13: 2, 14: 4, 15: 4, 16: 6, 17: 6, 18: 2, 19:
10, 20: 10, 21: 2, 22: 1, 23: 2, 24: 4, 25: 4, 26: 13, 27: 2, 28:
29: 1, 30: 1, 31: 8, 32: 8, 33: 9, 34: 9, 35: 8, 36: 10, 37: 10, 38:
10, 39: 10, 40: 2, 41: 4, 42: 6, 43: 1, 44: 8, 45: 2, 46: 4, 47: 2,
48: 6, 49: 1, 50: 1, 51: 8, 52: 4, 53: 6, 54: 8, 55: 1}
dihed_atom4_1end = {1: 6, 2: 8, 3: 10, 4: 4, 5: 1, 6: 6, 7: 2, 8: 8, 9:
i0, 10: 10, 11: 4, 12: 4, 13: 1, 14: 6, 15: 2, 16: 8, 17: 4, 18: 4,
19: 11, 20: 12, 21: 1, 22: 2, 23: 4, 24: 2, 25: 6, 26: 21, 27: 15,
28: 17, 29: 14, 30: 2, 31: 6, 32: 10, 33: 8, 34: 8, 35: 20, 36: 11,
37: 12, 38: 11, 39: 12, 40: 3, 41: 5, 42: 7, 43: 9, 44: 9, 45: 15,
46: 17, 47: 15, 48: 7, 49: 14, 50: 9, b1: 9, b52: 17, 53: 19, 54: 20,
55: 14}
pickle.dump(dihed_type_lend, open( , ))
pickle.dump(dihed_atoml_1lend, open( s ))
pickle.dump(dihed_atom2_1lend, open( s ))
pickle.dump(dihed_atom3_1lend, open( s ))
pickle.dump(dihed_atom4_1lend, open( s ))
#Middle monomer
dihed_type_mid = {1: 1, 2: 1, 3: 1, 4: 2, 5: 2, 6: 11, 7: 2, 8: 20, 9:
2, 10: 11, 11: 11, 12: 3, 13: 3, 14: 3, 15: 3, 16: 3, 17: 3, 18: 12,
19: 12, 20: 4, 21: 4, 22: 4, 23: 4, 24: 19, 25: 19, 26: 7, 27: 7, 28:
5, 29: 14, 30: 6, 31: 16, 32: 16, 33: 17, 34: 17, 35: 8, 36: 9, 37:
9, 38: 21, 39: 10, 40: 10, 41: 10, 42: 10, 43: 10, 44: 10, 45: 18,
46: 18, 47: 18, 48: 18}
dihed_atoml_mid = {1: 1, 2: 2, 3: 4, 4: 5, 5: 3, 6: 7, 7: 5, 8: 10, 9:
18, 10: 9, 11: 9, 12: 16, 13: 14, 14: 18, 15: 16, 16: 19, 17: 13, 18:
6, 19: 6, 20: 15, 21: 15, 22: 17, 23: 17, 24: 15, 25: 17, 26: 8, 27:
i, 28: 1, 29: 13, 30: 19, 31: 9, 32: 9, 33: 19, 34: 19, 35: 3, 36:
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5 >
46:

dihed_atom2_mid

10:

8’
1,

39:

dihed_atom3_mid

10:

10,
29:
38:

48:

dihed_atom4_mid

10,
19:
10
9,
18,

pickle
pickle

pickle

pickle.

pickle.

#4end monomer

dihed_type_4end

2,
19:
19
17,
10,

dihed_atoml_4end

18,
6:

229

37: 3, 38: 7, 39: 3, 40: 5, 41: 7, 42: 3, 43: 14, 44: 18, 45: 14,
16, 47: 18, 48: 14}
= {1: 2, 2: 4, 3: 6, 4: 4, 5: 2, 6: 6, 7: 4, 8: 8, 9: 6,
1, 11: 8, 12: 4, 13: 2, 14: 6, 15: 4, 16: 8, 17: 1, 18: 8, 19:
20: 3, 21: 3, 22: 5, 23: 5, 24: 3, 25: 5, 26: 9, 27: 9, 28: 9, 29:
30: 8, 31: 8, 32: 8, 33: 8, 34: 8, 35: 2, 36: 4, 37: 2, 38: 6,
2, 40: 4, 41: 6, 42: 2, 43: 2, 44: 6, 45: 2, 46: 4, 47: 6, 48: 2}
= {1: 4, 2: 6, 3: 8, 4: 2, 5: 4, 6: 4, 7: 6, 8: 6, 9: 8,
2, 11: 6, 12: 2, 13: 4, 14: 4, 15: 6, 16: 6, 17: 2, 18: 10, 19:
20: 2, 21: 2, 22: 4, 23: 4, 24: 2, 25: 4, 26: 1, 27: 8, 28: 8,
9, 30: 9, 31: 10, 32: 10, 33: 10, 34: 10, 35: 4, 36: 6, 37: 1,
8, 39: 4, 40: 2, 41: 8, 42: 1, 43: 1, 44: 8, 45: 4, 46: 6, AT: 8,
1}
= {1: 6, 2: 8, 3: 10, 4: 1, 5: 6, 6: 2, 7: 8, 8: 7, 9:
10: 4, 11: 4, 12: 1, 13: 6, 14: 2, 15: 8, 16: 4, 17: 4, 18: 11,
12, 20: 1, 21: 4, 22: 2, 23: 6, 24: 14, 25: 16, 26: 2, 27: 6, 28:
, 29: 8, 30: 1, 31: 11, 32: 12, 33: 11, 34: 12, 35: 5, 36: 7, 37:
38: 9, 39: 16, 40: 14, 41: 19, 42: 13, 43: 9, 44: 9, 45: 16, 46
47: 19, 48: 13}
.dump (dihed_type_mid, open( ) ))
.dump (dihed_atoml_mid, open( s ))
.dump (dihed_atom2_mid, open( R )
dump (dihed_atom3_mid, open( s ))
dump (dihed_atom4_mid, open( , )
= {1: 1, 2: 1, 3: 1, 4: 2, 5: 2, 6: 2, 7: 2, 8: 15, 9:
10: 11, 11: 11, 12: 3, 13: 3, 14: 3, 15: 3, 16: 3, 17: 3, 18: 12,
12, 20: 4, 21: 4, 22: 4, 23: 4, 24: 4, 25: 4, 26: 19, 27: 19, 28:
, 29: 7, 30: 7, 31: 5, 32: 14, 33: 6, 34: 16, 35: 16, 36: 17, 37:
38: 8, 39: 8, 40: 9, 41: 9, 42: 10, 43: 10, 44: 10, 45: 10, 46:
47: 10, 48: 18, 49: 18, 50: 18, 51: 18}
= {1: 1, 2: 2, 3: 4, 4: 5, 5: 3, 6: 7, 7: 5, 8: 10, 9:
10: 9, 11: 9, 12: 16, 13: 14, 14: 18, 15: 16, 16: 20, 17: 13, 18:
19: 6, 20: 15, 21: 15, 22: 17, 23: 17, 24: 19, 25: 19, 26: 15,
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27: 17, 28: 19, 29: 8, 30: 1, 31: 1, 32: 13, 33: 20, 34: 9, 35: 9,
36: 20, 37: 20, 38: 3, 39: b, 40: 3, 41: 7, 42: 3, 43: 5, 44: 7, 45
3, 46: 14, 47: 18, 48: 14, 49: 16, 50: 18, 51: 14}
dihed_atom2_4end = {1: 2, 2: 4, 3: 6, 4: 4, 5: 2, 6: 6, 7: 4, 8: 8, 9:
6, 10: 1, 11: 8, 12: 4, 13: 2, 14: 6, 15: 4, 16: 8, 17: 1, 18: 8, 19:
8, 20: 3, 21: 3, 22: 5, 23: 5, 24: 7, 26: 7, 26: 3, 27: b, 28: 7,
29: 9, 30: 9, 31: 9, 32: 1, 33: 8, 34: 8, 35: 8, 36: 8, 37: 8, 38: 2,
39: 4, 40: 2, 41: 6, 42: 2, 43: 4, 44: 6, 45: 2, 46: 2, 47: 6, 48
2, 49: 4, 50: 6, 51: 2%}
dihed_atom3_4end = {1: 4, 2: 6, 3: 8, 4: 2, 5: 4, 6: 4, 7: 6, 8: 6, 9:
8, 10: 2, 11: 6, 12: 2, 13: 4, 14: 4, 15: 6, 16: 6, 17: 2, 18: 10,
19: 10, 20: 2, 21: 2, 22: 4, 23: 4, 24: 6, 25: 6, 26: 2, 27: 4, 28:
6, 29: 1, 30: 8, 31: 8, 32: 9, 33: 9, 34: 10, 35: 10, 36: 10, 37: 10,
38: 4, 39: 6, 40: 1, 41: 8, 42: 4, 43: 2, 44: 8, 45: 1, 46: 1, 47
8, 48: 4, 49: 6, 50: 8, 51: 1}
dihed_atom4_4end = {1: 6, 2: 8, 3: 10, 4: 1, 5: 6, 6: 2, 7: 8, 8: 7, 9:
10, 10: 4, 11: 4, 12: 1, 13: 6, 14: 2, 15: 8, 16: 4, 17: 4, 18: 11,
19: 12, 20: 1, 21: 4, 22: 2, 23: 6, 24: 4, 25: 8, 26: 14, 27: 16, 28:
18, 29: 2, 30: 6, 31: 10, 32: 8, 33: 1, 34: 11, 35: 12, 36: 11, 37:
12, 38: 5, 39: 7, 40: 9, 41: 9, 42: 16, 43: 14, 44: 20, 45: 13, 46:
9, 47: 9, 48: 16, 49: 18, 50: 20, 51: 13}
pickle.dump (dihed_type_4end, open( ) ))
pickle.dump(dihed_atoml_4end, open( s ))
pickle.dump(dihed_atom2_4end, open( , )
pickle.dump(dihed_atom3_4end, open( s ))
pickle.dump(dihed_atom4_4end, open( s ))
HHEAHHEHHES
#IMPROPERS
HHAHHEHHHS
#A1ll monomers
improper_params = {1: 1, 2: 10, 3: 11, 4: 12, 5: 8}
pickle.dump (improper_params, open( ) ))
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Appendix F

Bootstrapping methodology for error calculation

Bootstrap methodology is a useful error estimation methodology when only one dataset
is available. The methodology uses random sample values from the full dataset, and
calculates the value being investigated from these samples. The sample sets can contain
multiples of the same value, and are discarded if their variance is zero, i.e. all samples
are the same value from the original dataset. The random sample calculated values
are then ranked and the lowest and highest values are given as the range in which the
value being investigated lies within. It is then common to factor in a confidence level
to avoid including outliers.

For the bootstrap methodology used to calculated the diffusion constant and «
values from the mean squared displacement data in Chapter 4, 1,000 random sample
datasets were extracted and a 95 % confidence level was applied. A 95 % confidence
level means that the top and bottom 2.5 % of calculated values were discarded and the

new lowest and highest values were presented as the bootstrap error range.
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Appendix G

Further results from Chapter 4

This section includes figures and results referenced in Chapter 4.

The grouping methodology of the different oxygen atoms along the trimers is shown
in Figure G.1.

The C4-04-C1 glycosidic angle distributions for all systems studied in Chapter 4
are shown in Figure G.2. Little to no difference is seen between the different systems.

The dihedrals angle between the 4’-end and middle and middle and 1’-end monomers
for all trimers which presented with data in more than one quadrant of the dihedral
plot and the angle from the first frame of the simulation are given in Figure ?7.

The diffusion coefficients for all systems and species are shown in Figure G.4.

OC1-4 0C2-4 OC1-1 0C2-1

0G-4
OR-4 OR-1

OR-m
OG-m

OC1l-m OC2-m

Figure G.1: An alginate trimer with oxygen atoms labelled. The oxygens are split into
three groups: (blue) carboxylate, (yellow) hydroxyl, and (red) glycosidic and ring.
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Figure G.2: Glycosidic angle distributions for all systems.
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3
£
H
= o o o o 0
=}
B
2
9 -e0 -60 ~60 a o 60 o
2 3
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0
4'-end Dihedral (°)

Figure G.3: Glycosidic dihedral angles for all trimers which accessed more than one
quadrant during the simulations. The angle which occurred at the first frame of the
simulation for each included trimer is also included.

233



Appendix G. Further results from Chapter 4
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Figure G.4: Diffusion coefficients of the different species in each system found from
the gradient of the MSD slopes. Deviation from the averages found through bootstrap
resampling at 95 % confidence intervals with 1000 replicates gave value ranges within
2 % of the average; these ranges were hardly visible on the plots and have been removed
for simplicity.
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Appendix H

Bonded Potentials Comparison in LAMMPS and
GROMACS

This section includes examples of the bond, dihedral, and improper energies which were

calculated for an alginate trimer in a system with three Na™ ions in both LAMMPS

and GROMACS. Figure H.1 shows the potential of a C-C bond, Figure H.2 shows the

potential of a C-C-C-C dihedral, and Figure H.3 shows the potential of the C-C-O-O

improper. The unusual shape of the GROMACS C-C bond potential arose due to the

GROMACS accuracy and does not reflect on the potential calculated.

30 A

Bond Energy (kJ/mol)
»—-
w

< LAMMPS
¢ Potential

GROMACS

Bond Energy (kJ/mol)

25 A

201

154

10 1

® GROMACS

0.150 0.155 0.160 0.165

Bond Length (nm)

0.140 0.145

0.140

0.145

0.150 0.155 0.160 0.165

Bond Length (nm)

Figure H.1: C-C bond potential calculated in LAMMPS, GROMACS, and theoretically.
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X GROMACS 35 4

3.5 A % LAMMPS

*  Potential 30

3.0
s S2s
€25 E
= =
820 §20
5 154 s 151
: g
B 104 510

0.5 0.5

0.01 0.0

-150 -100 =50 0 50 100 150 -150 -100 =50 0 50 100 150
Dihedral Angle (degrees) Dihedral Angle (degrees)

Figure H.2: C-C-C-C dihedral potential calculated in LAMMPS, GROMACS, and
theoretically.
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Figure H.3: C-C-O-O improper potential calculated in LAMMPS and GROMACS.
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Appendix I

GLYCAMO06j Alginate Parameters For Use in GRO-

MACS

The non-bonded and bonded parameters for alginate systems adapted for use in GRO-

MACS are shown in Listings I.1 and 1.2.

Listing I.1: Non-bonded parameters used in simulated alginate systems in GROMACS.

[ atomtypes 1]
; name
Cg

C

Oh

Os

02

H1

H2

Ho

ow

HW

6
6
8
8
8

Ca 20

Cl 17

Na 11

at.num

mas
12.
12.
16.
16.
16.

16.

40.
35.
22.

s
01
01
00
00
00

.008
.008
.008

00

.008

08
45
99

0.

O O O O O O O O o o o o

0000

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

0

O O O O O O O O o o o o

charge ptype sigma

.339967
.339967
.306647
.300001
.295992
.247135
.229317
.035636
.315070
.100000
.292571
.383086
.262459

epsilon

O N O O O O O O o o o o o

.4577296
.3598240
.8803136
.7112800
.8786400
.0656888
.0656888
.1255200
.4267680
.0000000
.4261812
.1820915
.1304459

Listing 1.2: Bonded parameters used in simulated alginate systems in GROMACS.

[ bondtypes ]
N

Cg Cg

func

1

b0
0.1

520

kb

259408.0
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Cg
o
Cg
o
Oh
o
c

[ angletypes 1]

;1
Cg
Cg
Cg
Cg
Cg
Cg
Cg
Oh
Cg
Cg
Os
C
¢
02
Oh
Oh
Os
Os

Oh
Os
H2
H1

Ho

02

h]

Cg
Cg
Cg
Oh
Os
Cg
Cg
Cg
Cg
c

Cg
Cg
Cg
c

Cg
Cg
Cg
Cg

k

Cg
Oh
H1
Ho
Cg
Os
H2
H1
C

02
H2
Os
H1
02
Os
H2
H1
Os

func

[ dihedraltypes ]

;i
Cg
Cg
Cg
Cg
Cg
Cg

]

Cg
Cg
Cg
Cg
Os
Os

k
Cg
Cg
Cg
Oh
Ce
Cg

1

Cg
0h
H1

Ho

o O O o o o o

thO

113.
107.
111.
109.
111.
108.
111.
110.
111.
115.
110.
112.
109.
126.
112.
110.
110.
112.

.1430
.1460
.1090
.1090
.0960
.1530
.1250

50
50
00
50
60
50
00
00
10
00
00
36
50
00
00
00
00
00

267776.
238488.
284512.
284512.
462750.
184096.
548940.

kth

376.560

585.760

376.560

460.240

418.400

585.760

376.560

502.080

527.184

585.760

502.080

527.184

418.400

669.440

836.800

502.080

502.080

836.800 ;

func phs kphi

1
1
1

0

0
0
0
0
0

1

0
0.
0

.882800
.418400
627600
.753120
.338880
.882800
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Cg
o
Cg
Oh
Oh
Oh
Oh
Oh
Oh
Oh
Cg
o
Cg
Cg
Cg
Cg
Cg
Cg
Cg
Cg
Cg
Cg

Cg
Cg
Os
Os
Os

Q QO a a Q@

O0s Cg
0s Cg
Cg Os
Cg Cg
Cg Cg
Cg Cg
Cg Cg
Cg Cg
Cg Cg
Cg Cg
Cg Cg
Cg Cg
Cg Cg
Cg C
Cg C
Cg C
O0s Cg
O0s Cg
O0s Cg
0s Cg
O0s Cg
O0s Cg
monomer)
0s Cg
0s Cg
Cg Oh
Cg Cg
Cg Cg
monomer)
Cg Cg
Cg Cg
Cg Cg
Cg Cg
Cg Cg
monomer)
Cg Cg
Cg Cg

H1
Cg
Oh
Oh
Oh
Os
Os
H1
H2

Os
H2
02
02
02
Oh
Oh
Oh
H2
H2
Os

Os
Os

H1
Os

Oh
Oh
Oh
H1
Os

Os
Os

[

© © VW YW O YW © OV O
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Appendix J

Umbrella sampling for investigating the interac-

tions between alginate chains

A trial run of umbrella sampling was performed using two 10-monomer long G chains
with concentrations of 0.09 M Na® and Ca?" and 0.016 g/g alginate in water. This
system was set up and minimised as described in Chapter 7 before being run for 20 ns
of NPT simulation. One chain was then pulled 3.5 nm away from the other using
steered molecular dynamics (SMD). System configurations were extracted based on
the increasing distance between the chains, in 0.2 nm intervals. These configurations
were run for 10 ns NPT. A weighted histogram analysis method (WHAM) was then
performed on these configurations using GROMACS. Examples of the SMD system,
and the WHAM output is given in Figure J.1 and J.2, respectively.

Following this test, this method would need optimised, in which configurations,
SMD parameters, and WHAM parameters were tweaked for use with this specific sys-
tems. This methodology could then be repeated for different chains in G-G, M-M, and
G-M pairings, and for different water and ion environments. It is expected that, from
this methodology, and analysis of ion and water positioning, detail of the chain-chain
interactions would be extracted and the reason for G-M interactions consistently pre-
senting as more favourable than G-G or M-M interactions in the simulated systems of

this work could be gleaned.
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Appendix J. Umbrella sampling for investigating the interactions between alginate
chains

Figure J.1: Images for steered molecular dynamics simulation of two 10-monomer G
chains where the right chain is being away from the left chain at a constant speed.
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Figure J.2: Energy and sampling output from WHAM analysis of the system shown in
Figure J.1.
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