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ABSTRACT 

 

 

 

ON THE VERGE OF ATTACHMENT: THE EFFECT OF IONIC 

CONCENTRATION ON BACTERIAL ADHESION 
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University of Guelph, 2015              Professor H.J. Eberl 

 

 

 

The lipopolysaccharide layer of Pseudomonas aeruginosa is the first cell membrane layer 

that interacts with its surroundings. The goal of this research is to model the effects of 

ionic concentration by simulating the attachment of a Pseudomonas aeruginosa 

bacterium to a surface with hydrophilic, hydrophobic, or metallic characteristics.  

 

The Monte Carlo Metropolis algorithm was used to find the equilibrium states of the 

systems. Both monovalent and divalent ions were present and their effects were 

quantified as functions of distance between the bacterial membrane and the surface. The 

energies of the system comprised of hydrogen bonding, van der Waals, and electrostatic 

interactions. Changes in the free energy of the system decide how well the bacterium 

binds to the surface. It was found that the collapse of the LPS induced by calcium 

decreased attachment to surfaces with hydrophobic and hydrophilic characteristics and 

that all ions screened a metallic surface from bacterial attachment. 
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Figure 1.1 A: Schematic coarse-grainedmodel of the Core and Lipid A region. 

Gal=galactose; GalNac = Nacetyl-galactosamine; Hep = heptose; KDO = 3-deoxy-D-

manno-2-octulosonic acid. Grey spheres represent uncharged sugars and the pale gray 

sphere represents a positively-charged sugar. The sphere centers are connected by 

stretchable bonds. B: Coarse-grained model of an LPS molecule showing the Core and 

the Lipid A with hydrocarbon chains represented by anchoring spheres. The first 

(uncharged) sugar of the O-antigen is shown as a grey sphere. (Roberts et al. 2013) 9 

 

Figure 1.2 Ion number density, Φion(z), as a function of position, z, away from the 

membrane plane, in the aqueous solution for 100 mMNaCl and 50 mM CaCl2. A: without 

surface-layer proteins (S−). B: with surface-layer proteins (S+). Data shown are for Na
+
 

(black), Ca
2+

 (gray) and Cl
−
 (pale gray). Arrowheads indicate regions where Cl

−
 and Na

-
 

ion number densities differ between the S− and S+ cases. (Roberts et al. 2013) 11 

 

Figure 2.1 A partial illustration of the simulation space and the method of images 22 

 

Figure 2.2 (a) Schematic structure of the studied LPS molecules. P, phosphate groups; 

C, carboxylate groups. (b) Solid-supported LPS monolayer under bulk buffer. A, 

hydrocarbon chain layer; B, dense Core saccharide layer; C, sparse O-side chain region 

(Schneck et al. 2009) 23 

 

Figure 2.3 Instantaneous pictures of the computer simulation after equilibration in the 

absence (a) and presence (b) of Ca
2+

. Hydrocarbon moeities are indicated by open large 

circles, saccharide groups by small filled black circles and Ca
2+

 ions by small filled grey 

circles. (Schneck et al. 2009) 25 

 

Figure 2.4 Sample Charged Low-Permittivity Surface System Representing a    

Hydrophilic Surface a) xz cross-section b) yz cross-section c) xy cross-   section. Large 

black spheres represent LPS hydrocarbon chains, small   black spheres represent LPS 

sugars, blue spheres represent charges    on the surface, red spheres represent calcium, 

yellow spheres     represent chlorine, and cyan spheres represent sodium. 30 

 

Figure 2.5 Sample Uncharged Low-Permittivity Surface System Representing a    

Hydrophobic Surface a) xz cross-section b) yz cross-section c) xy    cross-section. Large 

black spheres represent LPS hydrocarbon chains,   small black spheres represent LPS 

sugars, blue spheres represent    spheres on the surface, red spheres represent calcium, 

yellow spheres    represent chlorine, and cyan spheres represent sodium. 31 
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Figure 2.6 Sample Metal Surface System a) xz cross-section b) yz cross-section c)   xy 

cross-section. Large black spheres represent LPS hydrocarbon    chains, small black 

spheres represent LPS sugars, red spheres     represent calcium, yellow spheres represent 

chlorine, and cyan     spheres represent sodium. 32 

 

Figure 3.1 Charged, Low-Permittivity Surface: Surface Bound Sugars vs. d 42 

 

Figure 3.2 Charged, Low-Permittivity Surface: Core Bound Sugars vs. d 44 

 

Figure 3.3 Charged, low-permittivity Surface: High Ca
2+

 - Calcium distributions 47 

 

Figure 3.4 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,    

Systems - Sodium distributions 50 

 

Figure 3.5 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,    

Systems - Chlorine distributions 51 

 

Figure 3.6 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=100Å   

System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.   Large 

black spheres represent LPS hydrocarbon chains, small black    spheres represent LPS 

sugars, blue spheres represent charges on the    surface, red spheres represent calcium, 

yellow spheres represent chlorine,   and cyan spheres represent sodium. 52 

 

Figure 3.7 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,    

d=110Å System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-  cross-section. 

Large black spheres represent LPS hydrocarbon chains,   small black spheres represent 

LPS sugars, blue spheres represent    charges on the surface, red spheres represent 

calcium, yellow spheres    represent chlorine, and cyan spheres represent sodium. 53 

 

Figure 3.8 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=120Å   

System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.   Large 

black spheres represent LPS hydrocarbon chains, small black    spheres represent LPS 

sugars, blue spheres represent charges on the    surface, red spheres represent calcium, 

yellow spheres represent chlorine,   and cyan spheres represent sodium. 54 

 

Figure 3.9 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=130Å    

System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.    Large 

black spheres represent LPS hydrocarbon chains, small black     spheres represent LPS 

sugars, blue spheres represent charges on the     surface, red spheres represent calcium, 

yellow spheres represent chlorine,    and cyan spheres represent sodium. 55 
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Figure 3.10 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, 

d=140Å   System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.   

Large black spheres represent LPS hydrocarbon chains, small black    spheres represent 

LPS sugars, blue spheres represent charges on the    surface, red spheres represent 

calcium, yellow spheres represent chlorine,   and cyan spheres represent sodium. 56 

 

Figure 3.11 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, 

d=150Å   System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-   

section. Large black spheres represent LPS hydrocarbon chains, small   black spheres 

represent LPS sugars, blue spheres represent charges on the   surface, red spheres 

represent calcium, yellow spheres represent    chlorine, and cyan spheres represent 

sodium.  57 

 

Figure 3.12 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, 

d=200Å    System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.    

Large black spheres represent LPS hydrocarbon chains, small black     spheres represent 

LPS sugars, blue spheres represent charges on the     surface, red spheres represent 

calcium, yellow spheres represent chlorine,    and cyan spheres represent sodium. 58 

 

Figure 3.13 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, 

d=300Å    System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.    

Large black spheres represent LPS hydrocarbon chains, small black     spheres represent 

LPS sugars, blue spheres represent charges on the     surface, red spheres represent 

calcium, yellow spheres represent chlorine,    and cyan spheres represent sodium. 59 

 

Figure 3.14 Charged, Low-Permittivity Surface: Equilibrium Energy Distributions, A, 

Electrostatic Energy Distributions, B, Hydrogen Bond Energy Distributions, C, and van 

der Waals Energy Distributions, D. 63 

 

Figure 3.15 Uncharged, Low-Permittivity Surface: Surface Bound Sugars vs. d 68 

 

Figure 3.16 Uncharged, Low-Permittivity Surface: Core Bound Sugars vs. d 69 

 

Figure 3.17 Uncharged, Low-Permittivity Surface: High Ca
2+

 System - Calcium    

distributions  70 

 

Figure 3.18 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,    

Systems - Sodium distributions 72 
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Figure 3.19 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,    

Systems - Chlorine distributions 73 

 

Figure 3.20 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,    

d=100Å System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-  cross-section. 

Large black spheres represent LPS hydrocarbon chains,   small black spheres represent 

LPS sugars, blue spheres represent spheres   on the surface, red spheres represent 

calcium, yellow spheres represent   chlorine, and cyan spheres represent sodium. 74 

 

Figure 3.21 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, 

d=110Å   System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.    

Large black spheres represent LPS hydrocarbon chains, small black spheres    represent 

LPS sugars, blue spheres represent spheres on the surface, red    spheres represent 

calcium, yellow spheres represent chlorine, and cyan    spheres represent sodium. 75 

 

Figure 3.22 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, 

d=120Å   System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.    

Large black spheres represent LPS hydrocarbon chains, small black spheres    represent 

LPS sugars, blue spheres represent spheres on the surface, red    spheres represent 

calcium, yellow spheres represent chlorine, and cyan    spheres represent sodium. 76 

 

Figure 3.23 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, 

d=130Å   System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.    

Large black spheres represent LPS hydrocarbon chains, small black spheres    represent 

LPS sugars, blue spheres represent spheres on the surface, red    spheres represent 

calcium, yellow spheres represent chlorine, and cyan    spheres represent sodium. 77 

 

Figure 3.24 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, 

d=140Å   System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.    

Large black spheres represent LPS hydrocarbon chains, small black spheres    represent 

LPS sugars, blue spheres represent spheres on the surface, red    spheres represent 

calcium, yellow spheres represent chlorine, and cyan    spheres represent sodium. 78 

 

Figure 3.25 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, 

d=150Å   System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.    

Large black spheres represent LPS hydrocarbon chains, small black spheres    represent 

LPS sugars, blue spheres represent spheres on the surface, red    spheres represent 

calcium, yellow spheres represent chlorine, and cyan    spheres represent sodium. 79 
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Figure 3.26 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, 

d=200Å   System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.    

Large black spheres represent LPS hydrocarbon chains, small black spheres    represent 

LPS sugars, blue spheres represent spheres on the surface, red    spheres represent 

calcium, yellow spheres represent chlorine, and cyan    spheres represent sodium. 80 

 

Figure 3.27 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,    

d=300Å System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-  cross-section. 

Large black spheres represent LPS hydrocarbon chains,   small black spheres represent 

LPS sugars, blue spheres represent spheres   on the surface, red spheres represent 

calcium, yellow spheres represent   chlorine, and cyan spheres represent sodium. 81 

 

Figure 3.28 Uncharged, Low-Permittivity Surface: Equilibrium Energy Distributions,   

A, Electrostatic Energy Distributions, B, Hydrogen Bond Energy    Distributions, C, and 
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Figure 3.34 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=100Å System 

Snapshots      i) xz-cross-section ii) yz-cross-section iii) xy-cross-section. Large black    

spheres represent LPS hydrocarbon chains, small black spheres represent    LPS sugars, 

red spheres represent calcium, yellow spheres represent     chlorine, and cyan spheres 

represent sodium. 93 

 

Figure 3.35 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=110Å System 

Snapshots i) xz-  cross-section ii) yz-cross-section iii) xy-cross-section. Large black 

spheres represent   LPS hydrocarbon chains, small black spheres represent LPS sugars, 

red spheres   represent calcium, yellow spheres represent chlorine, and cyan spheres 

represent   sodium. 93 
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Figure 3.36 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=120Å System 

Snapshots i) xz-  cross-section ii) yz-cross-section iii) xy-cross-section. Large black 

spheres represent   LPS hydrocarbon chains, small black spheres represent LPS sugars, 

red spheres   represent calcium, yellow spheres represent chlorine, and cyan spheres 

represent   sodium. 93 

 

Figure 3.37 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=130Å System 

Snapshots i) xz-  cross-section ii) yz-cross-section iii) xy-cross-section. Large black 

spheres    represent LPS hydrocarbon chains, small black spheres represent LPS sugars, 

red   spheres represent calcium, yellow spheres represent chlorine, and cyan spheres   

represent sodium. 93 

 

Figure 3.38 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=140Å System 

Snapshots i) xz-  cross-section ii) yz-cross-section iii) xy-cross-section. Large black 

spheres    represent LPS hydrocarbon chains, small black spheres represent LPS sugars,   

red spheres represent calcium, yellow spheres represent chlorine, and cyan    spheres 

represent sodium. 93 

 

Figure 3.39 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=150Å System 

Snapshots i) xz-cross-  section ii) yz-cross-section iii) xy-cross-section. Large black 

spheres represent    LPS hydrocarbon chains, small black spheres represent LPS sugars, 

red spheres    represent calcium, yellow spheres represent chlorine, and cyan spheres 

represent    sodium. 93 

 

Figure 3.40 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=200Å System 

Snapshots i) xz-  cross-section ii) yz-cross-section iii) xy-cross-section. Large black 

spheres    represent LPS hydrocarbon chains, small black spheres represent LPS sugars,   

red spheres represent calcium, yellow spheres represent chlorine, and cyan    spheres 

represent sodium. 93 

 

Figure 3.41 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=300Å System 

Snapshots i) xz-  cross-section ii) yz-cross-section iii) xy-cross-section. Large black 

spheres    represent LPS hydrocarbon chains, small black spheres represent LPS sugars,   

red spheres represent calcium, yellow spheres represent chlorine, and cyan    spheres 

represent sodium. 93 

 

Figure 3.42 Metallic Surface: Configurations used to find lowest energy state 93 
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Figure 3.43 Metallic Surface: Equilibrium Energy Distributions, A, Electrostatic    

Energy Distributions, B, Hydrogen Bond Energy Distributions, C, and van   der Waals 

Energy Distributions, D. 93 
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1.1 Biofouling and Its Significance 

 

 Marine biofouling is the aggregation of organisms on underwater surfaces, which 

results in the formation of biofilms (Bers and Wahl 2004). A factor that is common 

between cases of organisms attaching to surfaces is the settling of organisms in a system 

with flow (Boks et al. 2008), making the field in general, marine biofouling, a topic of 

interest. Fouling produces positive or negative effects depending on the interaction of an 

organism with a surface, such as potential infections resulting from bacterial colonies 

growing in marine and industrial systems (Boks et al. 2008), discussed further at the end 

of this section. Studying the attachment of bacteria to surfaces helps better understand 

ecology and how to prevent or encourage bacterial adhesion in negative or positive 

circumstances, respectively (Pranzetti et al. 2012). The interaction between a surface and 

a bacterium governs the adhesion of the bacterium to a surface. 

 

 Surface characteristics and the type of bacteria affect the outcome of the 

interaction when a bacteria is in the neighbourhood of a surface, and experimentation 

with properties of both has brought about further understanding of the process (Pranzetti 

et al. 2012). Discoveries of organisms with natural resistance to fouling by their surfaces 

have made the field of interest, with the production of artificial surfaces mimicking the 

skin of naturally resistant organisms (Scardino et al. 2008; Figueiredo et al. 1997; Bers 

and Wahl 2004; Scardino and de Nys 2004; Bers et al. 2006). Surface microtexture has 

also been linked to the frequency of organisms attaching to surfaces, where the 

topography of a surface affects the frequency of attachment (Scardino et al. 2008; Bers 

and Wahl 2004; Scardino and de Nys 2004). In addition, the correlation between the 
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frequency of attachment and surface topography relies on the type of species (Scardino 

and de Nys 2004). Exploration of the effect of interactions involved between a surface 

and bacterium, provide a better understanding of the process. Experimental techniques 

have been designed to quantify bacterial attachment to surfaces (Pranzetti et al. 2012), 

while computational studies, shown in the next section, have been used to simulate and 

confirm experimental results. 

 

 The interaction of bacteria with surfaces affects the health industry, 

environmental health, and resource management. Strains of Pseudomonas aeruginosa are 

linked to infections, such as green nail syndrome from community pools and keratitis 

from using contact lenses (Woods et al. 1980; Miller and Ahearn 1987; Kocíncová et al. 

2011), which makes it important in the study of medical applications. Moreover, those 

with AIDS, burn wounds, or cystic fibrosis are more susceptible to infection from P. 

aeruginosa (Kocíncová et al. 2011). Positive outcomes from bacterial attachment occur 

as well, like the process of bioremediation used in the renewal of soil and recycling of 

nutrients, such as nitrogen (Shroll and Straatsma 2003; Abdelouas et al. 1998). Reduction 

of uranium from U(VI) to U(IV) is important, as well, in precipitating uranium from 

contaminated groundwater and it is performed by several species of bacteria, such as the 

Geobacter metallireducens, Sewanella putrefaciens, and Desulfovibrio species 

(Abdelouas et al. 1998). 
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 Biofilm formation is another cause for concern as biofouling can occur in, for 

instance, marine ecosystems, where the bacterium can aggregate and damage the surface 

of ships and drinking water pipes, or heat exchanges in power plants (Boks et al. 2008; 

Pranzetti et al. 2012). These concerns are of interest to industries, ships for commercial or 

military use, water suppliers, and filtration plants. Moreover, food safety is interested in 

preventing the spread of disease through bacterial settlement on foods (Boks et al. 2008). 

As bacteria contact surfaces, the parameters involved in the attachment interaction of 

bacteria with surfaces become of particular interest. These parameters are used to 

simulate surface characteristics, structures composing bacteria, and the process of 

bacteria attaching to surfaces in order to gain insight for fields affected by the study. 

 

1.2 Advancing the Study of Bacterial Attachment  

1.2.1 Experimenting with Bacterial Adhesion 

 

 Surface topography plays a key role in the attachment of bacteria. The mechanism 

described by attachment point theory has been considered a possible mechanism for 

biofouling (Scardino and de Nys 2004; Scardino et al. 2008). This mechanism suggests 

that when a fouling organism has many options for settling sites that accommodate its 

size, attachment increases; therefore, if the size of the organism is smaller than the size of 

the settling site, then there is greater attachment to these sites (Scardino et al. 2008). The 

studies testing attachment point theory used surface topographies with evenly spaced 

grooves to characterize them with wavelengths, which represented the width of available 

sites (Scardino et al. 2008). Common fouling organisms such as the green alga, Ulva 

rigida, and tube worm, Hydroides elegans, tested the mechanism of attachment point 
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theory by analysis of the frequency of deposition in the grooves. If the size of the 

organism was smaller than the wavelength of a surface, attachment would be greater than 

for those surfaces with higher wavelengths (Scardino et al. 2008). Attachment point 

theory highlights the need to study different surface topographies to test these 

interactions. Although this study is important in understanding that organisms settle in 

surface cavities, it does not concretely argue the process of attachment without 

consideration of other factors such as the interaction between bacteria and surfaces, like 

the electrostatic interaction, to quantify the force of adhesion. Interaction energy between 

a surface and bacteria is useful in the analysis of the bacterial attachment to surfaces, as is 

found in the studies that follow. 

 

 Since bacteria commonly adhere to contact lenses, hydrophobic and hydrophilic 

effects on the adhesion of bacteria have been studied. Atomic force microscopy (AFM) 

experiments were used to characterize the surface topography of the lens, such as surface 

roughness (Bruinsma et al. 2001). Water content on the surface of the lenses and water 

contact angles justified the hydrophobicity or hydrophilicity of the contact lens and 

bacterial surface, where higher contact angles represented hydrophobic character 

(Bruinsma et al. 2001; Pedri L. 2005). By counting the cells deposited on these surfaces, 

given the parameters of hydrophobic or hydrophilic characters, the surface topography, 

and charge density on the bacterial surface, the study by Bruinsma et al. 2001 found that 

hydrophilic cell surfaces adhered strongly to a hydrophilic contact lens surface while 

hydrophobic cell surfaces adhered strongly to hydrophobic surfaces (Bruinsma et al. 

2001). Meanwhile, tear films were introduced to the lens surface to give it more of a 
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hydrophilic character, which agreed with the prior conclusions (Bruinsma et al. 2001). 

The study of bacterial attachment to contact lenses approached the physical aspect, 

contact angles, of bacterial attachment. It identified the significance of studying bacterial 

adhesion in aqueous conditions as well as hydrophobic and hydrophilic interactions that 

exist amongst bacteria and surfaces. It requires additional support, however, from 

measurement of interaction forces, such as electrostatic interactions between charges 

involved, as they were not taken into account in that study. 

 

 Other studies were able to measure the surface-bacterium interaction by taking 

contact angle measurements, then using them to calculate the force of interaction and 

interaction potential required to have a bacterium adhere to a hydrophobic or hydrophilic 

surface. The interaction potential is the energy barrier that must be overcome to attach a 

bacterium to a surface
 

(Pedri L. 2005). Bacterial strains, such as Pseudomonas 

aeruginosa and Staphylococcus epidermidis, were introduced to glass slides with 

coatings, such as methanol and water for a hydrophilic surface, to test adhesion to 

hydrophobic and hydrophilic surfaces. It followed that the hydrodynamic force required 

to detach and also the force required to prevent attachment from/to hydrophobic and 

hydrophilic surfaces were measured to gain insight into the strength of adhesion and the 

energy barrier that has to be overcome to detach a bacterium from a surface (Boks et al 

2008). The hydrodynamic force’s effect on the interaction identifies the importance of 

flow, as it connects these interactions to fluid environments. Measuring the work of 

adhesion is particularly important to the missing component of this interaction, which is 

the interaction of ions between the two components, exchange of ions, and chemical 
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dynamics; this will be discussed later. Of particular importance in these studies are the 

types of forces involved in the interaction. Electrostatic and van der Waals interactions 

are necessary in modelling the interaction of a bacterium with a surface (Boks et al 2008). 

 

1.2.2 Simulations - The Role of Pseudomonas aeruginosa and Aqueous Salts 

 

 Models of gram negative bacteria were employed in studies to simulate the 

behaviour of their outer surfaces in aqueous conditions (Schneck et al 2009; Oliveira et 

al. 2009; Oliveira et al. 2010; Roberts et al. 2013). The outer surface of gram-negative 

bacterium, such as Pseudomonas aeruginosa, is primarily composed of saccharide groups 

linked to lipids known as lipopolysaccharides, or LPS for short (Lüderitz et al. 1982). 

The minimum model developed by Pink et al. 2003 was used to represent the interaction 

between P. aeruginosa and ions in water, where P. aeruginosa was represented by 100 

molecules of its LPS layer, while ions such as calcium were represented as atomic 

moieties (Pink et al. 2003; Schneck et al. 2009). Aqueous conditions were used to better 

understand the mechanism of marine biofouling. P. aeruginosa was a model bacterium as 

a result of its efficient representation in computer simulations and will be used for 

simulations in this study. 

 

Pseudomonas aeruginosa is a gram negative bacterium, with an outer LPS layer 

(Kocíncová et al. 2011). The LPS layer of the bacterium is the first portion of a bacterium 

that interacts with its environment; this also makes other species, such as humans, 

susceptible to infection (Kocíncová et al. 2011). The LPS of P. aeruginosa will be used 
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in this study to simulate the interaction of the bacterium with a surface. Surfaces will be 

discussed in the next section. The LPS molecule is made of three parts: lipid A, core 

oligosaccharide (OS), and O-antigen, or O-sidechain, polysaccharide (Kocíncová et al. 

2011). Lipid A holds LPS in place on the surface of the bacterium (Kocíncová et al. 

2011). The core OS has an inner and outer region. The inner region is common to gram 

negative bacteria, being made up of two 3-deoxy-D-manno-octulosonic acid (KDO) and 

two L-glycero-D-manno-heptose (LD-Hep) residues, while the outer core is specific to P. 

aeruginosa as it is made up of one L-rhamnose (L-Rha) and one N-(L-alanyl)-D-

galactosamine and either three or four D-glucose (D-Glc) residues (Kocíncová et al. 

2011). Finally, repeated sugar units make up the O-antigen polysaccharide. There are A-

band LPS and B-band LPS (Pink et al. 2003). A coarse illustration of the inner LPS 

region is found in Figure 1.1A. The A-band is found on all P. aeruginosa strains, where 

the O-sidechain ends in a repetitive pattern of an α-D-rhamnose trimer that has 

approximately 10-20 units (Pink et al. 2003). The B-band, on the other hand, takes on a 

complex structure that has an O-sidechain specific to the strain of P. aeruginosa, 

including short, O-sidechains (Pink et al. 2003). The PA01 strain of P. aeruginosa will be 

used in this study, and is made up of an O-sidechain with a trisaccharide that repeats the 

sugars 2-acetamido-3-acetamidino-2,3-dideoxy-D-mannuronic acid, 2,3-diacetamido-D-

mannuronic acid, and 2-acetamido-2,6-dideoxy-D-galactose (Pink et al. 2003). This study 

approximates the LPS as 100% B-band (Schneck et al. 2009) and the complete model of 

the LPS will be discussed in detail in Chapter 2. 

   

 



9 

 The study of surface protein stability on the Campylobacter fetus bacterium 

proposed an elegant, coarse-grained method for modelling the surface of a gram negative 

bacterium (Roberts et al 2013). The coarse-grained approach treats the atomic structures 

of the lipid A, core, and O-antigen regions as spheres, as shown when comparing Figure 

1.1A to Figure 1.1B (Roberts et al 2013). Including further details in the structure would 

result in unreasonably lengthy simulations when the models used have been validated by 

experiment (Roberts et al 2013). The models discussed will be used for the purpose of 

simulating the PA01 strain of P. aeruginosa in its interaction with surfaces in aqueous 

conditions. 

 

 

Figure 1.1 A: Schematic coarse-grainedmodel of the Core and Lipid A region. 

Gal=galactose; GalNac = Nacetyl-galactosamine; Hep = heptose; KDO = 3-deoxy-D-

manno-2-octulosonic acid. Grey spheres represent uncharged sugars and the pale 

gray sphere represents a positively-charged sugar. The sphere centers are connected 

by stretchable bonds. B: Coarse-grained model of an LPS molecule showing the 

Core and the Lipid A with hydrocarbon chains represented by anchoring spheres. 

The first (uncharged) sugar of the O-antigen is shown as a grey sphere. (Roberts et 

al. 2013) 
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 Water content is important to include in the simulation as it affects the interaction 

of P. aeruginosa with surfaces (Bruinsma et al. 2001). As done in the Campylobacter 

fetus study, the aqueous layer was modelled as a continuous dielectric, discussed in detail 

in Chapter 2, where a permittivity constant is set for the continuous dielectric and affects 

the distribution of charge in the neighbourhood of the surface (Roberts et al 2013). 

Moreover, the major ions involved in the interaction between the LPS and its aqueous 

environment are calcium, chlorine, and sodium, which are included in the simulation for 

this study (Schneck et al 2009; Oliveira et al. 2009; Oliveira et al. 2010; Roberts et al. 

2013). The Monte Carlo method computes steps in simulations as in other studies 

(Schneck et al 2009; Oliveira et al. 2009; Oliveira et al. 2010; Roberts et al. 2013). 

Methods will be discussed in detail in Chapter 2. 

 

 Simulations found that calcium ions induce collapse of O-sidechains in the LPS of 

P. aeruginosa (Schneck et al. 2009). The collapse of the LPS from calcium in the LPS 

core gives rise to applications of the phenomenon. One application is the survival of gram 

negative bacteria from cationic protamine, which was confirmed by simulation and x-ray 

characterization (Oliveira et al. 2010). Another application is the adhesion of gram 

negative bacteria to negatively charged surface layer proteins, which was tested with the 

Campylobacter fetus (Roberts et al 2013). When Campylobacter fetus with its surface 

layer protein were simulated in the presence and absence of divalent calcium, it was 

found that greater adhesion occurred in its absence since there was no collapse of O-

sidechains to the LPS core, which in the presence of calcium weakened the interaction 

between the LPS and protein (Roberts et al 2013). In addition, as seen in Figure 1.2, the 
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study showed that in the S+ case, which contained the surface layer protein, more sodium 

ions accumulate near the protein, while chlorine concentration decreased because of its 

negative charge compared to the S- case, which was the case without the protein (Roberts 

et al 2013). Number density distributions will be important in the analysis of LPS 

attachment to the surface as their location will determine the event of adhesion and it is 

important that the system be allowed to find equilibrium, as in the studies mentioned 

(Schneck et al 2009; Oliveira et al. 2009; Oliveira et al. 2010; Roberts et al. 2013).  

 

 

Figure 1.2 Ion number density, Φion(z), as a function of position, z, away from 

the membrane plane, in the aqueous solution for 100 mMNaCl and 50 mM CaCl2. 

A: without surface-layer proteins (S−). B: with surface-layer proteins (S+). Data 

shown are for Na
+
 (black), Ca

2+
 (gray) and Cl

−
 (pale gray). Arrowheads indicate 

regions where Cl
−
 and Na

-
 ion number densities differ between the S− and S+ cases. 

(Roberts et al. 2013) 

 

1.2.3 Framework for the Surface and Predictions 

 

Experiments have been performed to study the adhesion of P. aeruginosa strains 

to hydrophobic and hydrophilic surfaces (Bruinsma et al. 2001; Pedri L. 2005; Boks et al. 
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2008) while models, studied via computer simulations, were made to determine 

behaviour of the bacterium in relation to ionic concentration and organic molecules 

(Schneck et al 2009; Oliveira et al. 2009; Oliveira et al. 2010; Roberts et al. 2013). These 

studies, however, did not look at the effect of ion concentration on the attachment of the 

bacterium to a surface with, for instance, hydrophilic or hydrophobic character. The use 

of a surface in the simulation stems from the study of surface layer proteins on the 

Campylobacter fetus (Roberts et al. 2013), where the electrostatic properties of the 

surface, like the surface layer protein, will represent the type of surface tested, while 

topography of the surface, which also affects adhesion (Scardino et al. 2008), will be 

limited to that of a flat surface for the purpose of electrostatic measurements. By varying 

the concentration of calcium ions in the simulation, the effect of calcium concentration on 

the adhesion of P. aeruginosa to a surface will be observed. 

 

 The objective of this study is to simulate the attachment of Pseudomonas 

aeruginosa PA01 to a surface with hydrophilic, hydrophobic or metallic characteristics. 

The goal of this study is to better understand how ionic concentration affects bacterial 

attachment to surfaces in marine biofouling. As seen in the study by Schneck et al. 2009 

and Oliviera et al. 2010, the LPS layer will be used to simulate the bacterium, 

Pseudomonas aeruginosa PA01, in a solution of calcium, sodium, and chlorine ions in 

water as well as its attachment to a surface. The collapse of the LPS induced by calcium 

in the study by Schneck et al. 2009 and Oliviera et al. 2010 will be important in testing 

the effect of calcium concentration on bacterial attachment involved in marine biofouling. 

The Monte Carlo Metropolis algorithm will be used to simulate the process of bacterial 
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attachment to a surface (Schneck et al. 2009, Oliviera et al. 2010). The energy of the 

system will be composed of electrostatic interactions, van der Waals interactions, and 

hydrogen bonding (Schneck et al. 2009, Oliviera et al. 2010). It is speculated that the 

collapse of the LPS due to a high calcium concentration will decrease attachment of the 

LPS to each surface. 
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2.1 Introduction of the System 

 

 The system that was simulated was a lipopolysaccharide layer (LPS) of P. 

aeruginosa PA01 interacting with a surface in salt water. The model of the LPS will be 

discussed in detail in section 2.3. The salt water layer contained calcium, sodium, and 

chlorine ions, which will be explained in section 2.4. Three systems were analyzed: the 

first with a positively charged low-permittivity surface, the second with an uncharged 

low-permittivity surface, and the third with a metallic surface. The first two surfaces are 

referred to as "oil" surfaces. The surface is also referred to as the ceiling of the system. 

Details about these surfaces will be provided in section 2.5. This section will briefly 

introduce the three systems. 

 

 The z-axis is perpendicular to the local planar surface of the model LPS, which is 

defined to be the oil-water interface at z = 0; it is periodic in the xy plane and has infinite 

depth below z = 0 (Schneck et al. 2009). There is a plane at z = d, called the ceiling, 

which represents one of the three types of planar surfaces a distance, d, above the model 

bacterium. The upper surface (the ceiling) will be represented by a layer with infinite 

depth for    . The concept of dielectric permittivity, used in simulations to represent 

the infinite oil layer for the model LPS and aqueous layer (Schneck et al 2009; Oliveira et 

al. 2009; Oliveira et al. 2010; Roberts et al. 2013), will be used to represent the dielectric 

character for the infinite layer above the surface. The low-permittivity of the oil layer in 

Schneck et al. 2009 is used to approximate a hydrophobic surface since hydrophobic 

substances have low permittivity constants (Müller and Gubbins 1998; Schneck et al. 
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2009; Robertson 2004). As well, the hydrophilic surface is approximated using the 

permittivity constant for an oil phase, but to compensate for the low permittivity, positive 

charges and hydrogen bonding sites will be placed on the surface to attract the negatively 

charged LPS and hydrogen bonding capability of LPS sugars. As in the study of 

protamine, positive charges and hydrogen bonding sites on the ceiling (the surface) were 

used to represent hydrophilicity (Müller and Gubbins 1998; Schneck et al 2009; Oliveira 

et al. 2010). Van der Waals interactions play important roles in the interaction between 

oil-water interfaces and moieties in the simulation (Hanna et al. 2006). Finally, the 

adhesion of P. aeruginosa to minerals such as goethite gives rise to the importance of 

studying bacterial adhesion to metallic surfaces (Shroll and Straatsma 2003). High 

dielectric permittivity is associated with metals (Black and Welser 1999; Robertson 

2004) and will be used to represent a metallic surface in the simulation for this study. 

 

 Attachment of P. aeruginosa to a surface requires a threshold distance between 

the two for classification. The study by C.J. Van Oss and R.J. Good 1984 found that 2Å 

or less is the “equilibrium distance” or the separation length that classifies attachment 

between two continuous media separated by a fluid in between them (C.J. Van Oss and 

R.J. Good 1984). This will be useful in determining events of LPS attachment to the 

surface. It is expected that higher concentrations of calcium will induce the collapse of O-

sidechains, as in Schneck et al. 2009, to reduce attachment of the LPS to model 

hydrophilic and hydrophobic surfaces. The positive charge and hydrogen bonding sites 

on the hydrophilic surface is expected to have greater attachment than the hydrophobic 

surface due to the attraction with negatively charged LPS sugars and their hydrogen 
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bonding ability. The van der Waals interaction between the LPS and model hydrophobic 

surface is expected to allow some attachment to the surface, but it is predicted that the 

presence of calcium will collapse O-sidechains to keep attachment very minimal. Finally, 

the metallic surface is expected to attract LPS for attachment due its high permittivity, 

whereas the presence of calcium will likely collapse only some O-sidechains as a result 

of the competition between the presence in the LPS core and high permittivity of the 

surface. 

 

 The first surface, the charged, low-permittivity surface, meant to represent a 

hydrophilic surface, tested the ability of tightly packed, positive charges on a surface at 

an oil-water interface, to attract negatively charged LPS sugars to adhere. The surface 

was chosen to study the strong electrostatic attraction between negatively charged LPS 

sugars and positive charges on the surface while also feeling strong electrostatic 

attraction from calcium ions. This surface can be thought of as a hydrophilic surface. By 

varying the concentration of calcium and holding the amount of charge on the ceiling 

fixed, the effect of calcium concentration was studied.  

 

 The second surface had zero charge, but possessed the low-permittivity of an oil-

water interface. This was meant to represent a hydrophobic surface. It tested the ability of 

an uncharged, oil surface to attract LPS for attachment. Rather than relying on 

electrostatic attraction, this surface tested the ability of van der Waals forces to pull LPS 

sugars toward it for attachment while the LPS sugars also felt the effect of varying 
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calcium ion concentration. The rationale behind this surface is that it acted as a control, 

where it had the least possible surface characteristic that would attract LPS sugars. 

 

 The final surface that was tested, a metal, had a flat surface with zero bound 

charge. However, a metal has strong electrostatic interactions with any charge due to its 

dielectric character (Griffiths, 1999). Within the context of classical systems, any charge 

in the neighbourhood of a metal sees an opposite and equal charge, creating a strong 

attraction. A metal was chosen for this reason, in that LPS sugars would feel a strongly 

attractive electrostatic interaction thus modelling a competition between calcium ions and 

the attractive force of the surface. 

 

 The model of the simulation follows the computer model used in (Schneck et al. 

2009, and Roberts et al. 2013) with the addition of a surface. Monte Carlo (MC) 

simulations were performed using the Metropolis algorithm (Binder 1988; Lai & Binder 

1992) and linearized Poisson-Boltzmann theory (Israelachvili 1985; Deserno et al. 2000), 

which will be covered in section 2.7. This chapter discusses the methods used to simulate 

the systems described above. 

 

2.2 The Simulation Box 

 

 In this section, a description is given of the space used for simulating the systems 

introduced in section 2.1. The simulations took place in a box in which the x- and y-

coordinates were periodic, but the z-dimension was confined to      , where   was 
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the height of the simulation box. The oil-water interface of the LPS layer was located at 

   , while the surfaces were located at    . The height,  , was in the range       

       . The regions     and    , were treated analytically and infinite in depth. 

 

 Moieties, specifically LPS sugars, all ions, and charges, as well as hydrogen bond 

sites, were confined to the volume defined by           ,           , and 

      . The model of the LPS and the salt water layer will be described in greater 

detail in section 2.3 and 2.4, respectively. In implementing the Monte Carlo procedure, 

which will be discussed further in section 2.6, all atomic moieties, specifically LPS 

lipids, LPS sugars, calcium ions, sodium ions, and chlorine ions, were allowed to change 

positions. Any moieties that moved to a position with coordinates defined by    , 

      ,    ,       , were translated back into the simulation box following 

equations 2.1-2.4 below. 

 

   ,                       (2.1) 

      ,                      (2.2) 

   ,                       (2.3) 

      ,                      (2.4) 

 

where      and      were the new coordinates of the specified moieties that were 

allowed by the simulation box while      and      were the original coordinates of the 

atoms that moved outside the simulation box. Hence, this allowed the condition of 

periodicity in the x- and y-dimensions. LPS hydrocarbon chains were located in the 
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    region. Image charges, which will be discussed in section 2.6, were located in 

    and     regions. Nonetheless, LPS lipids and image charges still followed 

periodic boundary conditions. For the remainder of the discussion, any region referenced 

by only the z-dimension follows periodic boundary conditions. 

 

 The plane at     was defined to be the oil-water interface, where     was the 

oil region of the LPS and water was located in      . The area defined by      

      and            on the     plane was occupied by the oil surface of the 

LPS lipid molecules. LPS sugar molecules extended from the oil-water interface into the 

region      . The space      , the aqueous solution, was occupied by 

continuum water and salt ions, calcium, sodium, and chlorine. Finally, the      plane 

was defined as the surface-water interface, where the surface was modelled as a charged 

oil-water interface, an uncharged oil-water interface, or a metal-water interface. Please 

see Figure 2.1 for a partial illustration of the simulation space. 

 

 A continuum model was used to represent the Lipid A region,    , the aqueous 

region,      , and the continuum region,    , which defined the surface at    . 

Charges mentioned as being in the     and     regions represent image charges, a 

result of the method of images discussed below. A continuum was used to model the 

media in the    ,      , and     regions as the polarization of charges was 

dependent on the electric field of neighbouring charges (Oliveira et. al. 2010, and 

Griffiths, 1999) and charges interacted according to this model. Each region had a 

uniform distribution of charge and possessed a net charge of zero (Oliveira et. al. 2010). 
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With this model, a relative permittivity constant was assigned to each continuum, based 

on measured values (values discussed in section 2.3), to model its dielectric character 

(Griffiths, 1999).    represented the relative permittivity of water and    represented the 

relative permittivity of either the Lipid A region or the medium filling the     space. 

The method of image charges was used to model the interaction of charges in the aqueous 

layer with the surfaces at     and     as these surfaces were modelled as infinite 

grounded conducting planes where surfaces had an electric potential, V, of zero,    , 

and where the potential at large distances from a charge approached zero (Griffiths, 

1999). A charge in the aqueous region, Q, had an image charge, Q', in the     region 

and Q'' in the     region (Griffiths, 1999) calculated by equation 2.5 and 2.6, 

respectively.                          and                      were the values for the 

polarization of charge, induced in the     and     media, evaluated using equations 

2.7 and 2.8, respectively (Oliveira et. al. 2010). Please refer to Figure 2.1 for an 

illustration of the method of images. The use of dielectric continua and image charges 

will be discussed in detail in section 2.6.                               

 

                                   (2.5) 

                                 (2.6) 

                         
     

     
       (2.7) 

                     
     

     
        (2.8) 
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Figure 2.1 A partial illustration of the simulation space and the method of images 
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2.3 Modelling the Bacterium 

 

 An LPS molecule of the outer membrane of P. aeruginosa was represented by the 

three regions, as shown in Figure 2.2(a) and it was based on the coarse-grained model 

used by Schneck et. al. 2009. An illustration of LPS molecules in the simulation box are 

shown in Figure 2.2(b), in which each LPS molecule was mapped onto the schematic 

structure of the LPS molecule in Figure 2.2(a). 

 

 

Figure 2.2 (a) Schematic structure of the studied LPS molecules. P, phosphate 

groups; C, carboxylate groups. (b) Solid-supported LPS monolayer under bulk 

buffer. A, hydrocarbon chain layer; B, dense Core saccharide layer; C, sparse O-

side chain region (Schneck et al. 2009) 

 

The Lipid A or oil layer (   ) was defined as a dielectric continuum with a relative 

permittivity of        (Israelachvili 1985; Pink et al. 1997). As part of the Lipid A 

layer, each LPS molecule in the simulation had six hydrocarbon chain moieties modelled 
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as a pair of spheres, each possessing a radius of         . The coarse-grained approach 

modelled these two Lipid A spheres after the six hydrocarbon chains it has by sorting it 

into two groups, each with three hydrocarbon chains (Oliveira et al. 2010). One of these 

Lipid A spheres is attached to the Core saccharides shown in Figure 2.2(a). The centre of 

that Lipid A sphere had an equilibrium position at         with a range of    

     . The two Lipid A spheres were linked by a bond that could stretch from     to 

    and are the hollow, black spheres in Figure 2.3. Finally, the O-sidechain was made 

up of trimers carrying charges of approximately 0, -1, -1 in terms of the electronic charge.  

All charged sugar moieties had their charges placed at the centres of the spheres which 

represented them. A sphere bonded between two spheres, or anchoring sphere, was 

allowed to rotate about its centre (Schneck et al. 2009). For the purpose of this 

simulation, any distances or bonds mentioned as being between two spheres or between a 

sphere and another part of the system, for instance a surface, was measured from the 

centre of the spheres. 
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Figure 2.3 Instantaneous pictures of the computer simulation after equilibration 

in the absence (a) and presence (b) of Ca
2+

. Hydrocarbon moeities are indicated by 

open large circles, saccharide groups by small filled black circles and Ca
2+

 ions by 

small filled grey circles. (Schneck et al. 2009) 

 

 The sugars in the Core saccharide and O-side chain regions of the LPS, shown in 

Figure 2.3b as the filled, black spheres, were modelled as spheres with radii        

    , connected by bonds that could stretch and compress. Sugar pairs had an 

equilibrium bond length of        , that was able to stretch or compress by    

      (Carmesin & Kremer 1988; Chakrabarti et al. 1994).       and       are the 

minimum and maximum allowed sugar-sugar bond distances, respectively. A sugar-sugar 

bond angle restriction of         (Pink et al. 2003) was applied for the relative angle 

between sugar bonds. A total of 100 LPS molecules were used in the simulation, 10 of 

which had 75 sugar units and 90 had 15 sugar units. The first 15 sugars of each LPS 

strand represented the LPS Core saccharide region. For the 10 strands with 75 sugars, the 

additional 60 sugars were part of the O-side chain region of the LPS. These 10 strands 
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were made up of the trimers mentioned previously. A charge of -1, which represented a 

unit of charge              , was assigned to negatively charged sugars. There 

were exactly 46 negatively charged sugars on each LPS molecule which possessed O-

sidechains, comprised of 6 negatively charged sugars on each Core LPS molecule and 40 

negative charges on each O-sidechain. Sample LPS conformations in the simulation box 

are shown in Figure 2.3. 

 

 Using the conditions above for sphere size, bond lengths, bond angle restraints, 

and sugar charges, the coordinates were randomly set for one LPS molecule. Random 

positions were then generated for a system of 100 LPS strands. Utilizing the coordinates 

of one LPS molecule, then its coordinates were translated to new coordinates in order to 

create the remaining 99 LPS molecules. 90 LPS molecules were made up of 15 spheres, 

representing only the Lipid A-Core structure, with no O-sidechains. The remaining 10 

LPS molecules were made up of 75 spheres, representing the Lipid A-Core structure with 

O-sidechains. Overlap of any spheres was not permitted and all sugars stayed within the 

boundaries of the system. Initial settings for the LPS sugars were set that their initial 

heights did not exceed 65Å. 

 

 The method used to model the LPS was designed to closely replicate the physical 

behaviour of an LPS layer of P. aeruginosa and its interaction with its environment. In 

addition, it accounted for its conformational changes through the course of the 

simulation, which will be important in determining its ability to adhere to the surface. 

Finally, thermal variation in the system, as a result of linearized Poisson-Boltzmann 
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theory (Israelachvili 1985; Deserno et al. 2000) used in the Monte Carlo procedure, was 

accounted for by setting the resolution of the continua to roughly 2Å. The statistical 

roughness of the LPS layer was not taken into account (Schneck et al. 2009) as surface 

topography of LPS molecules was not included in the coarse-grained model. 

 

2.4 Modelling the Aqueous Solution 

 

 The aqueous solution was represented as a dielectric continuum of water with 

relative permittivity       (Israelachvili 1985; Pink et al. 1997). It contained calcium, 

Ca
2+

, sodium, Na
+
, and chlorine, Cl

-
, ions. Linearized Poisson-Boltzmann theory was the 

method used to represent half of the monovalent ion pairs, Na
+
 and Cl

-
, by a Debye 

screening length,    , as the electrostatic interactions were measured with a resolution of 

about 2Å, discussed further in section 2.6 (Oliveira et. al 2010). The screening length 

from these implicit ions,          
  , was 20Å. The remaining calcium, sodium, and 

chlorine ions were represented by spheres with radii         and were assigned the 

colours red, cyan, and yellow, respectively, as shown in Figure 2.5. Charges were 

positioned at the centres of the spheres. These remaining ions were modelled as explicit 

ions, with a Debye screening length of,          
  . Screening from these explicit ions 

together with the screening from the implicit ions gave an overall screening length,     
  , 

of about 15Å, using equation 2.6 (Oliveira et. al 2010). These screening constants 

prevented charges from aggregating, while allowing short range interactions and making 

long distance interactions negligible. 
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         (2.9) 

 

 The net charge in the system was set to zero by adjusting the number of ions in it. 

The system was tested for calcium concentrations ranging from no calcium, 0 mM, up to 

381.8 mM, which represented excess calcium, to observe its effect on the LPS attaching 

to the surface at        to       . These concentrations will be shown in Chapter 

3. A biologically relevant monovalent salt concentration is 100mM (Roberts et al. 2013). 

As the height was increased from       , the calcium concentration was adjusted by a 

factor equal to that of the change in volume, as shown in equation 2.10. Since the area of 

the base in the simulation box remained constant, the change in volume resulted from a 

change in height. 

 

     
    

    

    
     

            (2.10) 

 

In equation 2.10,      
    represents the number of calcium ions used at a surface height of 

    , and the new concentration of calcium ions was obtained from the amount of 

calcium ions,      
   , used in the previous simulation box with a surface height of     . 

The concentration of sodium ions was held constant with the same method while chlorine 

ions were added according to these adjustments to balance the net charge of the system to 

zero. 
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2.5 Modelling the Surface 

 

 The surface at     represented the interface between a dielectric continuum for 

    and an aqueous solution for    . The dielectric continuum possessed relative 

permittivity constants           ,             , and          for the charged 

surface, uncharged surface, and metallic surface, respectively (Schneck et al. 2009; Black 

and Welser 1999). From equation 2.5, the constants in equations 2.11 and 2.12 were 

obtained to represent the factors relating a charge in the aqueous layer to its image charge 

in the oil and metal regions, respectively. Both the charged and uncharged surfaces were 

modelled as oil-water interfaces to mimic LPS interactions with a charged, hydrophobic 

surface and hydrophobic surface, respectively. Charged or uncharged moieties on the 

    side of the surface accounted for electrostatic and van der Waals interactions with 

the LPS as well as ions in the system. 

 

                     
  

  
        (2.11) 

                                 (2.12) 

 

 The charged oil surface had 400 charged spheres, using         as their radii, 

positioned at         , just below the ceiling, evenly distributed in 20 rows of 20 

charges. 200 spheres had a +2 charge and the other 200 had a +1 charge. This dense 

positive charge was chosen to have a significant attraction to the negative LPS sugars, 

which would be analyzed for its effect on the attachment of the LPS to the ceiling while 

also varying the calcium ion concentration. In addition, hydrogen bonding sites were 
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placed on the ceiling to mimic hydrophilic behaviour. There were 529 hydrogen bonding 

sites randomly distributed on the ceiling amongst the charged spheres, each capable of 

making up to 4 hydrogen bonds. These were also positioned at the same height as the 

ceiling charges. For a sample system with a charged oil surface, please see Figure 2.4. 

 

 

Figure 2.4 Sample Charged Low-Permittivity Surface System Representing a  

  Hydrophilic Surface a) xz cross-section b) yz cross-section c) xy cross- 

  section. Large black spheres represent LPS hydrocarbon chains, small 

  black spheres represent LPS sugars, blue spheres represent charges  

  on the surface, red spheres represent calcium, yellow spheres   

  represent chlorine, and cyan spheres represent sodium. 

 

 For the uncharged oil surface, the 400 spheres used for the charged surface were 

kept on the ceiling but the charge was turned off for all spheres. Essentially, a charge of 

zero was assigned to the surface. The dimensions used for the spheres on the charged 

surface were used for the spheres on the uncharged surface as well. Similarly, hydrogen 

a b 

c 



31 

bond sites were kept on the ceiling but the number of available bonds was set to zero, 

thus preventing sugars to hydrogen bond with the surface. Electrostatic interactions, 

through the method of images, and van der Waals interactions with the surface were still 

possible. For a sample system with a uncharged oil surface, please see Figure 2.5. 

 

 

Figure 2.5 Sample Uncharged Low-Permittivity Surface System Representing a  

  Hydrophobic Surface a) xz cross-section b) yz cross-section c) xy  

  cross-section. Large black spheres represent LPS hydrocarbon chains, 

  small black spheres represent LPS sugars, blue spheres represent  

  spheres on the surface, red spheres represent calcium, yellow spheres  

  represent chlorine, and cyan spheres represent sodium. 

 

 Finally, the metal surface was a flat surface. It had no spheres and no hydrogen 

bonds to best imitate a metal surface. Its relative permittivity constant was          to 

model electrostatic interactions between charges on sugars and ions in the system and the 

metal (Robertson 2004). This was due to equal and opposite image charges, which will be 

a b 

c 
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discussed in section 2.6, in the     layer. For a sample system with a metal surface, 

please see Figure 2.6. 

 

Figure 2.6 Sample Metal Surface System a) xz cross-section b) yz cross-section c) 

  xy cross-section. Large black spheres represent LPS hydrocarbon  

  chains, small black spheres represent LPS sugars, red spheres   

  represent calcium, yellow spheres represent chlorine, and cyan  

  spheres represent sodium. 

 

2.6 The Energy of the System 

 

 The total energy of the system was calculated as the sum of the energies involved: 

electrostatic, van der Waals, and hydrogen bonding. These energies were measured as 

atomic moiety-atomic moiety interactions and atomic moiety-surface interactions. A 

detailed description for each type of energy calculation is provided below. 

 

a) b) 

c) 
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 The electrostatic energy,     , was measured as charge-charge interactions and 

charge-surface interactions. First, the electric potential was calculated at a point,    , 

located by                , in the monovalent salt solution in the neighbourhood of a 

charge  , located at      by equation 2.14.   ,   , and    were the unit vectors for the x, y, 

and z axes, where    was perpendicular to the oil-water interface of the LPS as well as the 

surface-water interface. Netz (Netz 1999; Netz and Andelman 2003; Fleck et al. 2002) 

derived equation 2.15 for the electric potential, where equations 2.16 - 2.20 held true. If 

   , a charge in the aqueous region,   , defined by equation 2.19, was located at a 

point,     . The electric potential for     was calculated at a point,    , with a separation, 

     (equation 2.17), from   . If    , an image charge,   , defined by equation 2.23, was 

located at a point,           . This confirms that image charges of the charges in the 

aqueous region were located at an equal distance from but on the opposite side of the 

    and     interfaces. The electric potential     was calculated at a point,    , with 

a separation,      (equation 2.18).            was given by equations 2.11 and 2.12 for the 

oil-water interface and metal-water interface, respectively. 

 

                        (2.13) 

                           (2.14) 

               
 

      
                        (2.15) 

          
 

         

      
         (2.16) 

                       (2.17) 
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                            (2.18) 

              (2.19) 

                       (2.20) 

 

The oil-water interface systems had image charges with the same sign as the charge in the 

aqueous medium which induced it, while the image charges created by the metal-water 

interface had an equal and opposite charge as the charge in the aqueous medium which 

induced it. Please see equations 2.21 and 2.22 for the calculation of image charges 

created in media separated by an oil-water interface and metal-water interface, 

respectively. 

 

  
          

  

  
          (2.21) 

  
                       (2.22) 

           
 
                (2.23) 

 

 The total electrostatic energy was then computed using equation 2.23, which was 

a sum of the electrostatic interaction between a pair of charges, Qi and Qk, for     

       (    , where n represented all charges in the system, where     ensured a 

charge to charge interaction was not counted twice and that a charge did not interact with 

itself. QiVik represented the electrostatic interaction between charges Qi and Qk, where the 

electric potential, Vik, was calculated at the position of charge Qi relative to the position 

of charge Qk. Therefore, the sum in equation 2.23 included electrostatic interactions 

between charges in the aqueous region, between a charge in the aqueous region and its 
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image charge, and between image charges. Like-charged image charge pairs were 

expected to repel, as in the charged and uncharged oil surface systems, while the opposite 

image charged pairs in the metal-water interface system were expected to attract due the 

potential in equation 2.15 governing their electrostatic interactions. This potential was 

expected to pull LPS closer to the charged oil surface due to the positively charged 

ceiling attracting negatively charged LPS sugars compared to the uncharged oil surface. 

 

 In addition to electrostatic energies, a sugar-sugar hydrogen bond with energy of 

magnitude           J was allowed if two sugar spheres were within 2Å of each other, 

and it did not depend on direction (Schneck et al. 2009). The charged oil surface also had 

hydrogen bonding capabilities where a sugar sphere within 2Å of a ceiling hydrogen 

bond site bonded with the same energy value. This also gave the charged oil surface an 

advantage over the uncharged oil surface to attach LPS. The sum of all hydrogen bond 

interactions provided the total hydrogen bond energy,    . 

 

 The van der Waals energy,    , was measured as atomic moiety-atomic moiety 

interactions and as atomic moiety-surface interactions, as seen in equations 2.24 and 2.25, 

respectively (Marangoni, A. and Wesdorp, L. 2012). The van der Waals energy was only 

computed for spheres in the aqueous solution, thus, excluded image charges. The 

energies for the interaction between two spheres, i and j, in the water region and for those 

interacting with a surface was, 

 

   
  

   
  

       
 

 
               (2.24) 
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        (2.25) 

 

 

 

where       was the distance between two atomic moieties,           was the van der 

Waals attractive interaction parameter for particle-particle interactions,        was the 

density of atomic moieties in the lipid layer per nm
3
,    was the z-coordinate of an atomic 

moiety, i, in the simulation box, s represents the lipid surface, and  d was the z-coordinate 

of the surface (Marangoni, A. and Wesdorp, L. 2012). 

 

 The total energy,     , of the system was the sum of all interaction energies given 

by equation 2.26. The energies were measured in units of 10
-20

 J and each type of energy 

was calculated at each Monte Carlo step, where the system was held static at that step for 

measurement purposes, then incremented for succeeding steps. 

 

                         (2.26) 

 

2.7 Monte Carlo Method 

 

 The spheres in the system are allowed to move at each Monte Carlo step, after 

which the energy of the system was calculated. The system was allowed to relax at a 

temperature of        for up to       MC steps for each choice of d. After the 

system had come to equilibrium, the energy of the system was averaged over the final 

            MC steps of each simulation performed. 
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 The Metropolis Monte Carlo algorithm was used to change the system by 

attempting to move each sphere during an MC step (Binder 1988). In attempting this 

movement, the change in total energy,   , was computed as follows.    represented the 

total energy of the system after the attempted move,    represented the total energy of the 

system before the attempted move, and    was defined by equation 2.27.  The attempted 

move was allowed if      was true, but disallowed if      was true. If the 

attempted move was not allowed, a random number, R, was chosen and if equation 2.30 

was true, then the attempted move was accepted. Here    represents Boltzmann's 

constant.     is              in the system. If equation 2.30 did not hold true, then 

the attempted move was not allowed. After attempting to move all spheres representing 

ions and sugars, then one MC step was completed. Spheres that represented Lipid A 

groups and anchored the Core in the membrane were allowed to move as the individual 

sugar spheres did. The spheres bound to the charged and uncharged low-permittivity 

surfaces at     were not allowed to move. 

 

                  (2.27) 

              (2.28) 

              (2.29) 

   
 

  

             (2.30) 
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3.1 Overview 

 

 Sections 3.2, 3.3, and 3.4 report and analyze the Monte Carlo simulation results 

for the cases of the charged low-permittivity surface, uncharged low-permittivity surface, 

and metallic surface, respectively. All distributions shown in the sections to follow are 

plotted for the chosen d values,                                    . If we 

consider the LPS chain represented by a random walk, then the average length would be 

about 50Å, which is slightly larger than the height of the LPS core region. However, 

these polysaccharide chains are: tethered at the oil-water interface, initially oriented near 

the oil-water interface, and are represented as a self-avoiding walk. These considerations 

suggest that a chain should extend more than 50Å from the oil-water interface, which, in 

the absence of Ca
2+

 ions, it does. The distributions also compare the cases of no Ca
2+

 and 

high Ca
2+

. The concentrations used for calcium, sodium and chlorine ions in each system 

will be discussed in further detail in sections 3.2, 3.3, and 3.4. 

 

 In subsections 3.2.1, 3.3.1, and 3.4.1, the spatial distribution of LPS sugars in the 

Core saccharide and O-side chain regions are used to analyze the effect of no Ca
2+

 and 

high Ca
2+

 concentration on the attachment of the LPS to the surface. Surface bound 

sugars and core bound sugars are used to describe the distributions of sugars in the 

sections to follow. Surface bound sugars, which represent O-sidechain sugars bound to 

the surface, were defined as those found in the           region, which is within 

5Å of the surface. This region was chosen to represent surface bound sugars since it 

accounted for the size of spheres on the surface and an equilibrium distance of about 2Å 

(Van Oss and Good 1984)  between spheres on the surface and a sugar sphere. Core 
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bound sugars, which represent Core saccharide and O-sidechain sugars in the LPS Core 

region, were found in the space defined by        . This region was chosen to 

represent core bound sugars since LPS Core saacharides were found to equilibrate within 

this region of the system with no effect from Ca
2+

 ions, as will be seen in the sections 

below. Fractions of core bound and surface bound LPS sugars were taken as a percentage 

of the total number of sugars in the system. The total number of sugars in the system is 

1900, as seen in section 2.3. 

 

 Subsections 3.2.2, 3.3.2, and 3.4.2 analyze the behaviour of Ca
2+

, Na
+
, and Cl

-
 ion 

distributions and their effect on LPS attachment to the surface. The fraction of each ion 

was found for each 10Å interval in the z-dimension. The fraction of an ion was taken as a 

percentage of the total number of the ion in the system. Snapshots illustrate system 

configurations at the last Monte Carlo step in subsections 3.2.3, 3.3.3, and 3.4.3. Finally, 

an analysis of the energy distributions is carried out in subsections 3.2.4, 3.3.4, and 3.4.4 

to justify the results of sugar distributions, ion distributions, and system configurations. 

Energy distributions display equilibrium energy values for each d value tested. 

 

 

3.2 Charged Low-Permittivity Surface 

 

 This section presents the results of simulations carried out for the charged, low-

permittivity surface. The concentration of calcium used for the no Ca
2+

 case is evidently 

0mM, where mM stands for millimolar, or mmol/L, while for the case of high Ca
2+

 it is 
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305.45mM. The number of Ca
2+

, Na
+
, and Cl

-
 moieties are displayed in Table 3.1 for 

each calcium concentration at each d value. 

 

Table 3.1 Number of ions used for the cases of No Ca
2+

 and High Ca
2+

 at each 

height of the charged low-permittivity surface 

Case Ca
2+ 

Concentration d (Å) 

Number of 

Ca
2+

 

Number of 

Na
+
 

Number of 

Cl
-
 

No Ca
2+

 0mM 

100 0 400 0 

110 0 440 40 

120 0 480 80 

130 0 520 120 

140 0 560 160 

150 0 600 200 

200 0 800 400 

300 0 1200 800 

High Ca
2+

 305.45mM 

100 400 150 550 

110 440 165 645 

120 480 180 740 

130 520 195 835 

140 560 210 930 

150 600 225 1025 

200 800 300 1500 

300 1200 450 2450 
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3.2.1 Calcium Effect on LPS Sugar Attachment to the Surface - Sugar 

Distributions 

 

 The effect of calcium concentration on the attachment of the LPS to the charged, 

low-permittivity surface is observed by comparing the percentage of surface bound 

sugars in the cases of no Ca
2+

 and high Ca
2+

, as seen in Figure 3.1. In addition, the effect 

of calcium on LPS attachment to the surface as d increases is observed by comparing the 

percentage of surface bound sugars at each d value in the case of high Ca
2+

 in Figure 3.1. 

 

 

Figure 3.1 Charged, Low-Permittivity Surface: Surface Bound Sugars vs. d 
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In either case of calcium, a small fraction of the LPS sugars bind to the surface since a 

majority of its sugars are Core saccharides in the simulation design, which leaves fewer 

O-sidechain sugars for binding. On the other hand, a difference between the case with no 

Ca
2+

 and high Ca
2+

 still exists for the fraction of sugars attached to the surface. Excess 

calcium in the system brings about a decrease in surface bound sugars at all d values, 

which argues that higher calcium concentrations decrease LPS attachment to the surface. 

When the surface reaches a height of        with no Ca
2+

 in the system, there are no 

sugars bound to the surface. With calcium in the system, there are no sugars bound to the 

surface for       . Further information is deduced from the fraction of sugars in the 

core region, and analysis of ionic as well as energetic effects will be performed in the 

sections to follow to justify observations. Please refer to Figure 3.2 for a look at the 

percentage of sugars that accumulate in the LPS core region. 

 



44 

 

Figure 3.2 Charged, Low-Permittivity Surface: Core Bound Sugars vs. d 

  

 The combination of Figure 3.1 and Figure 3.2 shows that a small fraction of 

sugars are found outside of the surface bound and core bound regions. It is evident, 

through Figure 3.2, that the fraction of core bound sugars does not change significantly as 

d increases for the case of no Ca
2+

. For the case with high Ca
2+

, however, there is a 

significant increase in core bound sugars compared to the case with no Ca
2+

. These 

observations support the collapse of the O-sidechain to the Core region due to the 

presence of calcium. Snapshots of the system in section 3.2.3, Figure 3.6 to Figure 3.13, 

illustrate the collapse effect of calcium on the LPS. The collapse of O-sidehcains to the 

core, which increased core bound sugars from the case of no Ca
2+

 to high Ca
2+

, correlates 

to the decrease in surface bound sugars from the case of no Ca
2+

 to high Ca
2+

. 
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 As d, and, in turn, the separation between the surface and LPS increase, trends for 

the behaviour of the system in each case of calcium concentration are found. With a high 

Ca
2+

 concentration, a decrease in LPS attached to the surface occurs (please refer to solid 

green line in Figure 3.1), and results in a significant increase in core bound sugars (please 

refer to solid green line in Figure 3.2) as d increases. Although the concentration of 

calcium remains constant as d increases, Ca
2+

 moieties increase in the system to 

compensate for the change in volume, and thus increase in the core, which promotes 

calcium's collapse effect on O-sidechains toward the core to reduce attachment of the 

LPS to the surface. The collapse of O-side chains of the LPS from P. aeruginosa to the 

core, induced by calcium ions, was also found in the study by Schneck et al. 2009. The 

study by Schneck et al. 2009 did not use a surface, however, it is similar to having a 

surface located at       , which is a large enough separation between the LPS and 

surface to mimic having no surface in the system. This is verified by a collapse of almost 

all sugars in the O-sidechains to the Core in excess calcium for       , deduced from 

Figure 3.1 and Figure 3.2. 

 

 In the case with no Ca
2+

, there was little variation in the fraction of LPS sugars in 

the core as d increased (please refer to broken blue line in Figure 3.2). Meanwhile, there 

was a steady, but only slight decrease in the fraction of LPS bound to the surface (please 

refer to broken blue line in Figure 3.1). This shows that sodium and chlorine ions do not 

cause a collapse of O-sidechains to the core and the fraction of core bound sugars 

decreases steadily as the interaction of O-sidechains with the surface weakens at higher d 

values. Calcium's effect of collapsing O-sidechains toward the core and reducing LPS 
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attachment to the charged, low-permittivity surface is evident. This evidence is supported 

by comparing snapshots from the case of no Ca
2+

 to high Ca
2+

, at each d value tested, in 

Figure 3.6 to Figure 3.13, which are located in section 3.2.3. Further effects of the ions 

are discussed in section 3.2.2.  

 

3.2.2 Analysis of LPS Sugar Behaviour Through Ion Distributions 

 

 For a clear depiction of the spatial distribution of ions in the charged, low-

permittivity surface system, please refer to Figure 3.6 to Figure 3.13 in section 3.2.3. The 

ion distributions in this section focus on the fraction of ions in each 10Å interval in the z-

dimension. 

 

 A charge of +2 on calcium causes strong electrostatic attraction with negative 

charges and strong electrostatic repulsion with positive charges; please refer to equation 

2.23. Since the LPS Core has a high negative charge, and the charged, low-permittivity 

surface has a high positive charge, calcium moves toward the LPS core by the effects 

arising from repelling the surface and attracting the LPS core. As seen in Figure 3.3, the 

highest fractions of calcium are found in the core region,        , for all d values 

tested. For the region above the core, but below the surface, defined by         , 

fractions of calcium in each 10Å interval in the z-dimension remain about constant until 

they drop near the surface as a result of repulsion. This means calcium moieties attract to 

other negative charges outside the core region and their spatial distribution allows the 

system to reach equilibrium. 
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Figure 3.3 Charged, low-permittivity Surface: High Ca
2+

 - Calcium distributions 

 

Calcium moieties also see like-charged image charges in the region defined by    , 

above the surface, which also repel them from the surface. In Figure 3.6 to Figure 3.13 

case A, which is the case of no Ca
2+

, O-sidechains bind to the surface for       . This 

is a result of positive charges on the surface attracting O-sidechains, while hydrogen 

bonds and van der Waals interactions, otherwise referred to as short-range interactions, 

between sugars bind them together. In the case of high Ca
2+

, accumulation of calcium in 

the core region collapses O-sidechains towards the LPS core. This is a result of attractive 

short-range interactions binding sugars together at the core (Schneck et al. 2009). Sugars 

are pulled away from the surface, thus preventing LPS attachment. 
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 As d increases, the fraction of calcium in the core region increases, which is seen 

in Figure 3.3. While the positively charged surface moves away from the LPS, O-

sidechain attachment decreases and the increase in calcium moieties causes greater 

aggregation of calcium at the core to enhance the collapse of O-sidechains. Calcium 

exhibits this trend in order to find the lowest possible energy state of the system, or 

energetically favourable state. This trend agrees with the behaviour of red spheres, 

representing calcium, in Figure 3.6 to Figure 3.13 case B. 

 

 Sodium moieties compensate for the lack of calcium in the case of no Ca
2+

 by 

having the highest fraction located in the LPS core. Figure 3.4A shows the distribution of 

sodium ions for this case at each value of d, in which peak fractions of sodium are found 

in the core region. With a charge of +1, more sodium than calcium is required to stabilize 

the negative charged LPS core, hence the higher percentage of sodium than calcium in 

the core region. The remaining fraction of sodium is attracted to other negative charges in 

the system to allow the system to reach equilibrium. In the case of high Ca
2+

, sodium 

moieties appear more evenly distributed in each        section of Figure 3.4B. 

Although the majority of sodium is found in the core, as seen by the highest fractions 

found in the region defined by         in Figure 3.4B, the difference between the 

fraction of sodium in the core and outside the core is small. With calcium stabilizing the 

negatively charged LPS core, sodium isn't required at the core as it is in the case of no 

Ca
2+

. In the case of high Ca
2+

, sodium is attracted to other negative charges outside the 

core to stabilize the system and allow it to come to equilibrium. Observing the behaviour 

of cyan spheres in Figure 3.6 to Figure 3.13 confirms these findings. 
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 Each chlorine moiety has a charge of -1 that attracts it to the positively charged 

surface. This is proven by peak fractions of chlorine within about         of the 

surface seen in Figure 3.5A and Figure 3.5B, in the cases of no Ca
2+

 and high Ca
2+

, 

respectively. In the case of no Ca
2+

, O-sidechains are not collapsed to the core as in the 

case of high Ca
2+

. As such, higher fractions of chlorine are found in the core region in 

Figure 3.5A, no Ca
2+

, than in Figure 3.5B, high Ca
2+

, since the core is not as tightly 

packed with negative charge in the case of no Ca
2+

, which creates less repulsion with 

chlorine. In the case of high Ca
2+

, the increase in chlorine percentages as     from 

      in Figure 3.5B argues that chlorine experiences stronger repulsion, compared to 

the case of no Ca
2+

, from the increase in negative charge from collapsed O-sidechains in 

the core. Chlorine is pushed away from the core and is predominantly located in the 

region from the top of the core region to the surface. The behaviour of yellow spheres in 

Figure 3.6 to Figure 3.13 exhibits these results. 
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Figure 3.4 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,  

  Systems - Sodium distributions 
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Figure 3.5 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,  

  Systems - Chlorine distributions 
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3.2.3 System Snapshots 

 

 Snapshots, located in Figure 3.6 to Figure 3.13, were taken at the final Monte 

Carlo step of the charged, low-permittivity surface system for case A, no Ca
2+

, and case 

B, high Ca
2+

. They show that O-sidechain attachment decreases as the increase in 

calcium moieties at the core enhances the collapse of O-sidechains from case A to B. 

 

 

 

 

 

 

Figure 3.6 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=100Å 

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section. 

  Large black spheres represent LPS hydrocarbon chains, small black  

  spheres represent LPS sugars, blue spheres represent charges on the  

  surface, red spheres represent calcium, yellow spheres represent chlorine, 

  and cyan spheres represent sodium. 

A 

B 

i ii iii 
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Figure 3.7 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,  

  d=110Å System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-

  cross-section. Large black spheres represent LPS hydrocarbon chains, 

  small black spheres represent LPS sugars, blue spheres represent  

  charges on the surface, red spheres represent calcium, yellow spheres  

  represent chlorine, and cyan spheres represent sodium. 
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Figure 3.8 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=120Å 

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section. 

  Large black spheres represent LPS hydrocarbon chains, small black  

  spheres represent LPS sugars, blue spheres represent charges on the  

  surface, red spheres represent calcium, yellow spheres represent chlorine, 

  and cyan spheres represent sodium. 
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Figure 3.9 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=130Å  

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.  

  Large black spheres represent LPS hydrocarbon chains, small black   

  spheres represent LPS sugars, blue spheres represent charges on the   

  surface, red spheres represent calcium, yellow spheres represent chlorine,  

  and cyan spheres represent sodium. 
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Figure 3.10 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=140Å 

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section. 

  Large black spheres represent LPS hydrocarbon chains, small black  

  spheres represent LPS sugars, blue spheres represent charges on the  

  surface, red spheres represent calcium, yellow spheres represent chlorine, 

  and cyan spheres represent sodium. 
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Figure 3.11 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=150Å 

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross- 

  section. Large black spheres represent LPS hydrocarbon chains, small 

  black spheres represent LPS sugars, blue spheres represent charges on the 

  surface, red spheres represent calcium, yellow spheres represent  

  chlorine, and cyan spheres represent sodium. 
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Figure 3.12 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=200Å  

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.  

  Large black spheres represent LPS hydrocarbon chains, small black   

  spheres represent LPS sugars, blue spheres represent charges on the   

  surface, red spheres represent calcium, yellow spheres represent chlorine,  

  and cyan spheres represent sodium. 
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Figure 3.13 Charged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=300Å  

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.  

  Large black spheres represent LPS hydrocarbon chains, small black   

  spheres represent LPS sugars, blue spheres represent charges on the   

  surface, red spheres represent calcium, yellow spheres represent chlorine,  

  and cyan spheres represent sodium. 
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3.2.4 Analysis of the System - Energy Distributions 

 

 The total energy of the system is the sum of electrostatic, hydrogen bond, and van 

der Walls energies. The charged, low-permittivity surface system reached equilibrium 

energy for each value of d displayed in Figure 3.14A. Figure 3.14B, C, and D show 

equilibrium electrostatic, hydrogen bond, and van der Walls energies for each value of d, 

respectively. Comparing Figure 3.14A to Figure 3.14B, C, and D, it is observed that total 

energy and electrostatic energy have the same magnitude, thus why electrostatic energy 

accounts for most of the system's energy. 

 

 In the cases of no Ca
2+

 and high Ca
2+

, the equilbrium energy of the system 

increases as d increases from        to       . An increase in the value of d 

increases the separation between the LPS and surface, which weakens the interaction 

between them, thus causing the increase in equilibrium energy. For the region defined by 

          , interaction between the surface and LPS is very weak as the larger 

separation decreases their attraction to one another. The same effect is seen in 

electrostatic energy in Figure 3.14B, which shows that weaker electrostatic interactions 

between the LPS and surface at higher values of d are responsible for the increase in 

equilibrium energy as d increases for both cases of Ca
2+

. In the case of no Ca
2+

, the 

increase in energy from      to       , seen in the broken blue line of Figure 

3.14A, is also a result of repulsion between the positive charges on the surface and 

sodium near them. For      , there is little change in the equilibrium energy, seen by 
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the broken blue line in Figure 3.14A, as a result of little change in interactions between 

the LPS and surface at large distances from one another. 

 

 In the case of high Ca
2+

, there is an increase in collapsed O-sidechains at the core 

as d increases from        to       . The introduction of calcium slightly 

increases the equilibrium energy of the system from the case of no Ca
2+

 to high Ca
2+

 for 

           due to greater repulsion between positive charges, such as that between 

calcium and the positive charges on the surface as well as calcium and sodium. The slight 

increase in energy from the case of no Ca
2+

 to high Ca
2+

 for            is seen by 

comparing the broken blue line to solid green line in Figure 3.14A. In Figure 3.14A, the 

total energy decreases from the case of no Ca
2+

 to high Ca
2+

 as d increases from   

     to       . This is because most O-sidechains are collapsed to the core in the 

case of high Ca
2+

 at these values of d, which increases the attraction between calcium and 

sugars in the core. Equilibrium electrostatic energies in Figure 3.14B confirm the results 

for total equilibrium energy. The effect of calcium in the charged, low-permittivity 

system agrees with calcium's effect on the LPS in the system with cationic protamine 

studied by Roberts et al. since protamine is positively charged, like the charged, low-

permittivity surface. The outcome is the inhibition of LPS attachment to the surface. 

 

 Hydrogen bonding and van der Waals interactions between sugars in the core 

increase as more O-sidechains collapse to the core in the case of high Ca
2+

 at higher 

values of d, resulting in lower equilibrium energies in Figure 3.14A for the case of high 

Ca
2+

 compared to no Ca
2+

. As for the hydrogen bond and van der Waals equilibrium 
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energies, there is a decrease from the no Ca
2+

 to high Ca
2+

 for all values of d. Please refer 

to Figure 3.14C and Figure 3.14D, respectively, for equilibrium hydrogen bond and van 

der Waals energies. Hydrogen bond energy is lower in the high Ca
2+

 case because the 

collapse of the LPS toward the core, as d increases, is promoted by hydrogen bonds 

between collapsed sugars. Similarly, the equilibrium van der Waals energy decreases in 

the case of high Ca
2+

 since the collapse of the LPS and tight packing of moieties in the 

core shortens the distance between them, thus increasing the van der Waals interactions. 

The van der Waals relation, given in section 2.7, shows the indirect proportionality 

between distance and van der Waals energy. Finally, the increase in hydrogen bond and 

van der Waals energies as d increases for the case of no Ca
2+

 (please refer to broken, blue 

line in Figure 3.14C and Figure 3.14D) comes from the decrease in surface-LPS 

interactions as d increases. A decrease in surface-LPS interactions results in less 

hydrogen bonds between LPS and ceiling sites as well as weaker van der Waals 

interactions. This supports the lack of LPS attachment to the surface in the case of no 

Ca
2+

 for the LPS at greater distances from the surface. 
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Figure 3.14 Charged, Low-Permittivity Surface: Equilibrium Energy 

Distributions, A, Electrostatic Energy Distributions, B, Hydrogen Bond Energy 

Distributions, C, and van der Waals Energy Distributions, D. 
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 As O-sidechains collapse to the core, calcium stabilizes the core and there is 

reduction in P. aeruginosa PA01 attachment to the charged, low-permittivity surface. On 

the other hand, the positive charge of the surface also attracts negatively charged sugars 

to allow for some attachment, which is more effective for the surface at       

    . For           , some strands of the LPS remain outside the core region and 

extend towards the surface, as seen in Figure 3.6 - Figure 3.11. The result by Scheck et al. 

and Oliviera et al. confirm the effect of calcium on the LPS, and is more apparent at 

          , where a larger separation between the LPS and the surface is 

dominated by calcium's stabilization of the core, as seen in Figure 3.12 - Figure 3.13. 

 

3.3 Uncharged Low-Permittivity Surface 

 

 Section 3.3 presents the results of simulations carried out for the uncharged, low-

permittivity surface. Simulations were carried out for all d values in the cases of no Ca
2+

 

and high Ca
2+

, as seen in Table 3.2. Table 3.2 also shows the number of ions used for 

each value of d tested in the cases of no Ca
2+

 and high Ca
2+

. The case of no Ca
2+

 is 

assigned a concentration of 0mM while the case of high Ca
2+

 has a calcium concentration 

of 381.82mM. 
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Table 3.2 Number of ions used for the cases of No Ca
2+

 and High Ca
2+

 at each 

height of the uncharged low-permittivity surface 

Case 

Ca
2+ 

Concentration 

d (Å) 

Number of 

Ca
2+

 

Number of 

Na
+
 

Number of 

Cl
-
 

No Ca
2+

 0mM 

100 0 1000 0 

110 0 1100 100 

120 0 1200 200 

130 0 1300 300 

140 0 1400 400 

150 0 1500 500 

200 0 2000 1000 

300 0 3000 2000 

High Ca
2+

 381.82mM 

100 500 300 300 

110 550 330 430 

120 600 360 560 

130 650 390 690 

140 700 420 820 

150 750 450 950 

200 1000 600 1600 

300 1500 900 2900 
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3.3.1 Calcium Effect on LPS Sugar Attachment to the Surface - Sugar 

Distributions 

 

 The effect of calcium concentration on the attachment of LPS molecules to the 

uncharged, low-permittivity surface is seen by comparing the percentage of surface 

bound sugars in the cases of no Ca
2+

 and high Ca
2+

 at each value of d tested, shown in 

Figure 3.15. It is seen that there is no LPS adhesion to the surface in either case of 

calcium. Turning our attention to the snapshots of these cases, particularly for       

     in Figure 3.20 - Figure 3.24, O-sidechains remain just outside the region for 

attachment to the surface with no Ca
2+

 in the system (part A of the snapshots). For 

       in the case of no Ca
2+

 of Figure 3.25 - Figure 3.27, interactions between the 

LPS and surface become much weaker as the distance between them increases. The LPS 

is unable to attach to the surface for       . With a high Ca
2+

 concentration, referring 

to part B snapshots in Figure 3.20 - Figure 3.27, O-sidechains collapse toward the core. 

The collapse of O-sidechains to the core is a result of electrostatic attraction between 

calcium at the core and negative LPS sugars, in addition to repulsion between negative 

sugars on O-sidechains and like-charged image charges in the region defined by    . 

Meanwhile, van der Waals interactions between the LPS and surface are not strong 

enough to overcome electrostatic interactions for attachment to occur.  

  

 The plot in Figure 3.16 indicates that a majority of LPS sugars are in the core 

region (refer to broken, blue line) and the presence of calcium (solid, green line) 

collapses the O-sidechains almost completely to the core, where greater than 90% of 
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sugars are found in the case of high Ca
2+

. When the surface reaches       , nearly 

100% of the sugars are in the core. This agrees with the study by Schneck et al. 2009, 

where calcium also induced the collapse O-sidechains to the core. The study by Schneck 

et al. 2009 did not use a surface, which is similar to having the uncharged, low-

permittivity surface at        since interactions between the surface and LPS are 

weak enough that it is like there is no surface affecting the LPS.  A high Ca
2+

 

concentration is effective at preventing the LPS from attaching to the uncharged, low-

permittivity surface. 

 

 

Figure 3.15 Uncharged, Low-Permittivity Surface: Surface Bound Sugars vs. d 
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Figure 3.16 Uncharged, Low-Permittivity Surface: Core Bound Sugars vs. d 

 

3.3.2 Analysis of LPS Sugar Behaviour - Ion Distributions 

 

 As in the case of the charged, low-permittivity surface in section 3.2.2, calcium 

ions strongly attract to the LPS core in the uncharged, low-permittivity surface system. 

Although the surface does not have positive charges to repel calcium, the negatively 

charged LPS core attracts positive calcium into the core for stabilization and to bridge 

bonds between core sugars, as indicated by the peak calcium fractions in the region 

defined by         in Figure 3.17. This supports the collapse of O-sidechains 

toward the core region, observed in section 3.3.1, as calcium in the region induce and 
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stabilize the collapse. The snapshots of the system in Figure 3.20 to Figure 3.27 support 

these findings. 

 

 

Figure 3.17 Uncharged, Low-Permittivity Surface: High Ca
2+

 System - Calcium  

  distributions 

 

 The case of no Ca
2+

 uses the positive charge of sodium to stabilize the negative 

charge in the LPS core, indicated by peak fractions of sodium located in the core in 

Figure 3.18. A high Ca
2+

 concentration, on the other hand, collapses the LPS toward the 

core, and does not require as much sodium in the core as calcium has a stronger 

electrostatic interaction with core sugars. Hence, lower fractions of sodium are seen in 

the core region for the case of high Ca
2+

 by comparing Figure 3.18A to Figure 3.18B. 

There is little variation in the fraction of sodium in each 10Å interval in the z-dimension 
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outside the core region. Sodium evenly distributes itself spatially to allow the system to 

reach equilibrium. This is done by interacting with negatively charged moieties outside 

the core, such as chlorine and sugars outside the core. For a better representation of 

sodium's even spatial distribution in the two cases of calcium, please refer to the 

snapshots of the system in Figure 3.20 to Figure 3.27. 

 

 Chlorine, similar to sodium, helps the system reach equilibrium. Sodium and 

chlorine not bound the core interact closely in the system as they are attracted by opposite 

charges. Chlorine is repelled by the negatively charged LPS core, thus it resides mostly 

outside the core, where fractions of chlorine exhibit small variation between the cross-

sections of z for      , as seen in Figure 3.19A and B. Comparing the fractions of 

chlorine in Figure 3.19A and B, the increase in negative charge in the LPS core from 

collapsed O-sidechains in the case of high Ca
2+

 repels chlorine away from the core and 

closer to the surface, while the case of no Ca
2+

 has less negative charge in the core that 

has a weaker repulsion on chlorine than the case of high Ca
2+

. This is observed by 

slightly lower fractions of chlorine in the core and higher fractions closer to the surface 

for Figure 3.19B in relation to Figure 3.19A. The uncharged spheres at the surface also 

allow for an even spatial distribution of sodium and chlorine near it as there is no charge 

on the surface to affect these ions, like in the case of the positively charged surface. 

Image charges in the region defined by     are like-charged. Accordingly, while the 

image charges for sodium repel sodium ions, they attract chlorine ions and vice versa. 

Chlorine's even spatial distribution can be seen in Figure 3.20 to Figure 3.27. 
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Figure 3.18 Uncharged, Low-Permittivity Surface: No Ca

2+
, A, and High Ca

2+
, B,  

  Systems - Sodium distributions 

 

A 

B 
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Figure 3.19 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,  

  Systems - Chlorine distributions 

A 

B 
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3.3.3 System Snapshots 

 

 Snapshots, located in Figure 3.20 to Figure 3.27, were taken at the final Monte 

Carlo step of the uncharged, low-permittivity surface system for case A, no Ca
2+

, and 

case B, high Ca
2+

. O-sidechain attachment is effectively decreased as the increase in 

calcium moieties at the core enhances the collapse of O-sidechains from case A to B. 
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Figure 3.20 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,  

  d=100Å System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-

  cross-section. Large black spheres represent LPS hydrocarbon chains, 

  small black spheres represent LPS sugars, blue spheres represent spheres 

  on the surface, red spheres represent calcium, yellow spheres represent 

  chlorine, and cyan spheres represent sodium. 
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Figure 3.21 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=110Å 

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.  

  Large black spheres represent LPS hydrocarbon chains, small black spheres  

  represent LPS sugars, blue spheres represent spheres on the surface, red  

  spheres represent calcium, yellow spheres represent chlorine, and cyan  

  spheres represent sodium. 
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Figure 3.22 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=120Å 

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.  

  Large black spheres represent LPS hydrocarbon chains, small black spheres  

  represent LPS sugars, blue spheres represent spheres on the surface, red  

  spheres represent calcium, yellow spheres represent chlorine, and cyan  

  spheres represent sodium. 
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Figure 3.23 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=130Å 

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.  

  Large black spheres represent LPS hydrocarbon chains, small black spheres  

  represent LPS sugars, blue spheres represent spheres on the surface, red  

  spheres represent calcium, yellow spheres represent chlorine, and cyan  

  spheres represent sodium. 
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Figure 3.24 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=140Å 

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.  

  Large black spheres represent LPS hydrocarbon chains, small black spheres  

  represent LPS sugars, blue spheres represent spheres on the surface, red  

  spheres represent calcium, yellow spheres represent chlorine, and cyan  

  spheres represent sodium. 



79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

i ii iii 

Figure 3.25 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=150Å 

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.  

  Large black spheres represent LPS hydrocarbon chains, small black spheres  

  represent LPS sugars, blue spheres represent spheres on the surface, red  

  spheres represent calcium, yellow spheres represent chlorine, and cyan  

  spheres represent sodium. 
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Figure 3.26 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B, d=200Å 

  System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-cross-section.  

  Large black spheres represent LPS hydrocarbon chains, small black spheres  

  represent LPS sugars, blue spheres represent spheres on the surface, red  

  spheres represent calcium, yellow spheres represent chlorine, and cyan  

  spheres represent sodium. 
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Figure 3.27 Uncharged, Low-Permittivity Surface: No Ca
2+

, A, and High Ca
2+

, B,  

  d=300Å System Snapshots i) xz-cross-section ii) yz-cross-section iii) xy-

  cross-section. Large black spheres represent LPS hydrocarbon chains, 

  small black spheres represent LPS sugars, blue spheres represent spheres 

  on the surface, red spheres represent calcium, yellow spheres represent 

  chlorine, and cyan spheres represent sodium. 
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3.3.4 Analysis of the System - Energy Distributions 

 

 A comparison of Figure 3.28A, total equilibrium energy, to Figure 3.28B, 

equilibrium electrostatic energy, Figure 3.28C, equilibrium van der Waals energy, and 

Figure 3.28D, equilibrium hydrogen bond energy, reveals that electrostatic interactions 

account for most of the total energy, having the same magnitude in the uncharged, low-

permittivity surface system. In the case of no Ca
2+

, a decrease in total equilibrium energy 

occurs as d increases, demonstrated by Figure 3.28A. As more ions are added to the 

system for each increase in d, there are no electrostatic interactions between charges in 

the system and the moieties on the surface, unlike the charged, low-permittivity surface 

system. Rather, electrostatic interactions between opposite charges as well as van der 

Waals interactions between moieties in the system increase, which decrease the 

equilibrium energy of the system, seen through the trend of the broken, blue line in 

Figure 3.28A. The trend of the broken, blue line in Figure 3.28B and C show the decrease 

in electrostatic and van der Waals equilibrium energies. On the other hand, sodium and 

chlorine near the surface repel their like-charged images, but sodium also attracts to the 

oppositely charged image charge of chlorine above the surface, and vice versa for 

chlorine. Repulsion between negative charges on the O-sidechain near the surface and 

their like-charged image charges above    , in addition to repulsion between repulsion 

from like-charged chlorine near the surface, prevented the LPS from binding to the 

surface. As such, the system reached equilibrium. 
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 With no charge on the surface affecting the uncharged, low-permittivity surface 

system, the collapse of O-sidechains due to the presence of calcium is more apparent than 

in the charged, low-permittivity surface system. In the case of high Ca
2+

, O-sidechains 

collapse to the core. This is indicated by the significant decrease in equilibrium values for 

total, electrostatic, hydrogen bond, and van der Waals energies, from the case of no Ca
2+

 

to high Ca
2+

 at each value of d in Figure 3.28A-D, respectively. Weak van der Waals and 

electrostatic interactions between the surface and LPS are not enough for the LPS to bind 

to the surface. Strong electrostatic attraction between calcium and negatively charged O-

sidechains induce the collapse of O-sidechains to the core, where calcium bridge bonds 

between sugars in the core and hydrogen bonds add to the attraction between them. As 

mentioned previously, electrostatic energy accounts for most of the total energy of the 

system. A comparison of Figure 3.28A, to Figure 3.28B, Figure 3.28C, and Figure 3.28D, 

shows that hydrogen bond energy takes up the second largest fraction of the total energy, 

while van der Waals energy takes up the least. Hydrogen bond energy, like electrostatic 

energy, decreases as d increases (please see solid green line in Figure 3.28C). This is 

because the core is packed with a higher fraction of LPS as d increases, which in turn 

allows more hydrogen bonds. Finally, van der Waals energy decreases for a similar 

reason, where packing of sugars and calcium at the core increase van der Waals 

interactions, while the addition of ions to the system as d increases do so as well. 

Therefore, calcium collapses the LPS to the core, inhibiting attachment to the uncharged, 

low-permittivity system. 

 

 



84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 

A 

Figure 3.28 Uncharged, Low-Permittivity Surface: Equilibrium Energy Distributions, 

  A, Electrostatic Energy Distributions, B, Hydrogen Bond Energy  

  Distributions, C, and van der Waals Energy Distributions, D. 



85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D 

C 



86 

 The collapse of O-sidechains to the core due to calcium in the system prevents 

attachment of the LPS to the uncharged, low-permittivity surface. The weak van der 

Waals interaction between the surface and O-sidechains is not strong enough to prevent 

the collapse of O-sidechains to the core. The van der Waals interaction pulls some O-

sidechains close to the surface for           , as seen in Figure 3.20 - Figure 3.25, 

but they do not come close enough for attachment. Once the surface reaches       

    , nearly all O-sidechains are collapsed to the core. 

 

3.4 Metallic Surface 

 

 Section 3.4 presents the results of the simulations carried out for the metallic 

surface. The simulations were carried out for different values of d in the cases of no Ca
2+

 

and high Ca
2+

, as seen in Table 3.3. The table also shows the number of ions used in each 

case. The case of no Ca
2+

 has a calcium concentration of 0mM while the case of high 

Ca
2+

 has a calcium concentration of 343.64mM. 
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Table 3.3 Number of ions used for the cases of No Ca
2+

 and High Ca
2+

 at each 

height of the metallic surface 

Case 

Ca
2+ 

Concentration 

d (Å) 

Number of 

Ca
2+

 

Number of 

Na
+
 

Number 

of Cl
-
 

No Ca
2+

 0mM 

100 0 1000 0 

110 0 1100 100 

120 0 1200 200 

130 0 1300 300 

140 0 1400 400 

150 0 1500 500 

200 0 2000 1000 

300 0 3000 2000 

High Ca
2+

 343.64mM 

100 450 300 200 

110 495 330 320 

120 540 360 440 

130 585 390 560 

140 630 420 680 

150 675 450 800 

200 900 600 1400 

300 1350 900 2600 
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3.4.1 Calcium Effect on LPS Sugar Attachment to the Surface - Sugar 

Distributions 

 

 Attachment of the LPS to the metallic surface is affected by calcium 

concentration and exhibits some trends similar to the case of the positively charged 

surface. Firstly, attachment decreases as d increases for the same justification provided 

for the other surfaces, which is that a greater separation between the surface and LPS 

weakens interactions between them. This is indicated by the decrease in surface bound 

sugars as d increases in Figure 3.29.  

 

 

Figure 3.29 Metallic Surface: Surface Bound Sugars vs. d 
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As well, the case of no Ca
2+

 has a slightly larger fraction of LPS bound to the surface in 

comparison to the case of high Ca
2+

. With a high Ca
2+

 concentration, the decrease in LPS 

attachment, although not significant, indicates that calcium has an effect on this when it is 

present. Further analysis of the core LPS distribution reveals more on the effect of 

calcium below. Finally, as in the systems of the other two surfaces, once the surface 

reaches           , none of the sugars on O-sidechains bind to the surface as their 

interaction with the surface is too weak for attachment to occur. 

 

 

Figure 3.30 Metallic Surface: Core Bound Sugars vs. d 
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 The fraction of core bound LPS sugars shows a small difference between the 

cases of no Ca
2+

 and high Ca
2+

 for the surface at            in Figure 3.30. 

However, the collapse of the LPS to the core becomes apparent for the surface at 

       in Figure 3.30 as there is a larger difference in core bound LPS sugars 

between the two cases of calcium. The case of high Ca
2+

 has more core bound sugars 

than the case of no Ca
2+

 for        because the large distance between the LPS and 

surface weakens their interaction with each other, while calcium's strong interaction with 

the LPS causes the collapse of O-sidechains to the core. In the case of no Ca
2+

, there is 

little change in the fraction of sugars in the LPS core as d increases, indicated by the 

trend in the broken, blue line in Figure 3.30. Thus, sodium and chlorine have no effect on 

the fraction of sugars in the LPS core of the metallic surface system. Finally, a 

justification can be made regarding the decrease in surface bound sugars from the case of 

no Ca
2+

 to high Ca
2+

 for the metallic surface at           . In both cases of 

calcium shown in the illustrations in section 3.4.3, Figure 3.34 - Figure 3.41, O-

sidechains collapse to a region just below the surface, but the presence of calcium 

enhances it. Therefore, calcium does not collapse O-sidechains to the core to reduce 

attachment to the metallic surface, unlike the cases of the charged and uncharged, low-

permittivity surface systems. Further investigation is performed in the sections to follow 

regarding the reduction of LPS attachment to the metallic surface due to a high Ca
2+

 

concentration. 
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3.4.2 Analysis of LPS Sugar Behaviour - Ion Distributions 

 

 Figure 3.31 indicates a peak in the fraction of calcium in the LPS core, while 

system snapshots in section 3.4.3, Figure 3.34 - Figure 3.41, illustrate calcium's 

stabilization of the core. On the other hand, a large fraction of calcium is also used to 

stabilize the region near the surface. This is suggested by Figure 3.31, which shows 

another peak in the fraction of calcium contained by the cross-section that is within 10Å 

of the surface in the z-dimension. Meanwhile, snapshots of the metallic surface system in 

section 3.4.3, Figure 3.34 - Figure 3.41, illustrate calcium helping stabilize chlorine and 

O-sidechains in the region near the surface. As a result of the high permittivity of the 

surface, charges in the simulation box attract to their oppositely charged image charges in 

the region defined by    , hence the accumulation of charge at and near the surface. 

Figure 3.34 - Figure 3.41 also shows charges group with like charges at and near the 

surface. The polarization of charge (Griffiths, 1999) near the surface allows the system to 

find equilibrium in both cases of calcium. Similarly, snapshots of both cases of calcium 

show that negatively charged sugars on O-sidechains tend to aggregate with chlorine at 

the surface for attachment of the LPS to the metallic surface to occur. However, 

attachment of the LPS to the metallic surface is limited as a result of O-sidechains 

repelled by negatively charged image charges of positive ions, like sodium and calcium, 

at the surface. 
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Figure 3.31 Metallic Surface: High Ca
2+

 System - Calcium distributions 

 

In turn, O-sidechains that are repelled find a pocket just below the surface, as illustrated 

in the system snapshots, to which they aggregate. In the case of high Ca
2+

, calcium 

moieties found near these pockets (Figure 3.31) are used to stabilize them. This helps 

explain why O-sidechains do not collapse to the core in the presence of calcium for 

          , but collapse to a region just below the surface to reduce attachment to 

the metallic surface. 

 

 Sodium moieties, like calcium moieties, have peak fractions in the LPS core 

region and at the surface, as indicated by Figure 3.32A and B. In the case of no Ca
2+

, 

Figure 3.32A, sodium helps stabilize the negatively charged LPS core as a result of the 

lack of calcium. The remaining sodium moieties are pulled to the surface, where they find 
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equilibrium with negative charges at or near the surface, such as their image charges in 

the region defined by     and negatively charged chlorine and O-sidechain sugars. 

With calcium in the system, Figure 3.32B, sodium moieties are pushed away from the 

core by the repulsion from calcium in the core region, which is why nearly all sodium 

ions are found in the region within 10Å of the surface, seen in Figure 3.32B. Snapshots of 

the metallic surface system in Figure 3.34 - Figure 3.41 depict the behaviour of sodium in 

both cases of calcium. The snapshots also illustrate sodium clusters at the surface 

shielding the metal from O-sidechains, suggesting that sodium at the surface reduce LPS 

attachment to the metal in the case of no Ca
2+

 and high Ca
2+

. 

 

 Regardless of the case of no Ca
2+

 or high Ca
2+

, chlorine repels the negatively 

charged LPS core and attracts strongly to the metallic surface. Almost all chlorine are 

found within 10Å of the surface, as seen in Figure 3.33A and Figure 3.33B. Once the 

surface moves beyond       , some chlorine moieties, as well as sodium moieties, 

are found in small fractions away from the surface and outside the LPS core. Here, 

chlorine and sodium moieties interact with sugars and ions also found to be distant from 

the surface and outside the LPS core to bring the system to equilibrium. Snapshots of the 

metallic surface system in Figure 3.34 - Figure 3.41 depict the behaviour of chlorine in 

both cases of calcium. As mentioned previously, beyond        the system has 

minimal LPS-surface interactions and the behaviour of the LPS mimics the collapse of O-

sidechains to the core as in the study by Schneck et al. 2009. 
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Figure 3.32 Metallic Surface: No Ca

2+
, A, and High Ca

2+
, B, Systems - Sodium  

  distributions 

 

A 
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Figure 3.33 Metallic Surface: No Ca

2+
, A, and High Ca

2+
, B, Systems - Chlorine  

  distributions 

A 

B 
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3.4.3 System Snapshots 

 

 Snapshots, located in Figure 3.34 - Figure 3.41, were taken at the final Monte 

Carlo step of the metallic surface system for case A, no Ca
2+

, and case B, high Ca
2+

. They 

show that O-sidechains repel the surface where there are positively charged moieties, like 

sodium and calcium, and attach to the surface where there are negative moieties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.34 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=100Å System Snapshots    

  i) xz-cross-section ii) yz-cross-section iii) xy-cross-section. Large black  

  spheres represent LPS hydrocarbon chains, small black spheres represent  

  LPS sugars, red spheres represent calcium, yellow spheres represent   

  chlorine, and cyan spheres represent sodium. 

A 

B 

i ii iii 
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Figure 3.35 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=110Å System Snapshots i) xz-

  cross-section ii) yz-cross-section iii) xy-cross-section. Large black spheres represent 

  LPS hydrocarbon chains, small black spheres represent LPS sugars, red spheres 

  represent calcium, yellow spheres represent chlorine, and cyan spheres represent 

  sodium. 

A 

B 

i ii iii 
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Figure 3.36 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=120Å System Snapshots i) xz-

  cross-section ii) yz-cross-section iii) xy-cross-section. Large black spheres represent 

  LPS hydrocarbon chains, small black spheres represent LPS sugars, red spheres 

  represent calcium, yellow spheres represent chlorine, and cyan spheres represent 

  sodium. 

A 

B 

i ii iii 
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Figure 3.37 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=130Å System Snapshots i) xz-

  cross-section ii) yz-cross-section iii) xy-cross-section. Large black spheres  

  represent LPS hydrocarbon chains, small black spheres represent LPS sugars, red 

  spheres represent calcium, yellow spheres represent chlorine, and cyan spheres 

  represent sodium. 

A 

B 

i ii iii 



100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.38 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=140Å System Snapshots i) xz-

  cross-section ii) yz-cross-section iii) xy-cross-section. Large black spheres  

  represent LPS hydrocarbon chains, small black spheres represent LPS sugars, 

  red spheres represent calcium, yellow spheres represent chlorine, and cyan  

  spheres represent sodium. 

A 

B 

i ii iii 
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Figure 3.39 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=150Å System Snapshots i) xz-cross-

  section ii) yz-cross-section iii) xy-cross-section. Large black spheres represent  

  LPS hydrocarbon chains, small black spheres represent LPS sugars, red spheres  

  represent calcium, yellow spheres represent chlorine, and cyan spheres represent  

  sodium. 

A 

B 

i ii iii 



102 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.40 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=200Å System Snapshots i) xz-

  cross-section ii) yz-cross-section iii) xy-cross-section. Large black spheres  

  represent LPS hydrocarbon chains, small black spheres represent LPS sugars, 

  red spheres represent calcium, yellow spheres represent chlorine, and cyan  

  spheres represent sodium. 

A 

B 

i ii iii 
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Figure 3.41 Metallic Surface: No Ca
2+

, A, and High Ca
2+

, B, d=300Å System Snapshots i) xz-

  cross-section ii) yz-cross-section iii) xy-cross-section. Large black spheres  

  represent LPS hydrocarbon chains, small black spheres represent LPS sugars, 

  red spheres represent calcium, yellow spheres represent chlorine, and cyan  

  spheres represent sodium. 

A 

B 

i ii iii 
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3.4.4 Analysis of the System - Energy Distributions 

 

 Firstly, a look at the four energy graphs in Figure 3.43 shows that the equilibrium 

electrostatic energy, Figure 3.43B, accounts for the largest part of the total equilibrium 

energy, Figure 3.43A, in comparison to hydrogen bonding and van der Waals energies, 

Figure 3.43C and D, respectively. Electrostatic energy, using the coulomb potential in 

equation 3.1, is used to justify the configuration of charges near the metallic surface. 

Firstly, each type of charge groups into clusters of like charge near the ceiling, such as 

chlorine with chlorine. In the low-permittivity surface systems, charges showed grouped 

with like and unlike charges in the region near the surface. However, the charges near the 

metallic surface do not exhibit the same behaviour they do near the low-permittivity 

surfaces because of the high permittivity of the metallic surface, which causes, for 

instance, a positive charge to strongly attract to its negatively charged image charge and 

strongly repel the positively charged image charge of a negative charge in the 

neighbourhood. As such, equilibrium, and moreover, the lowest free energy state, is 

found by the clustering of charge near the metallic surface. 

 

 Figure 3.40A,i and Figure 3.40A,iii in section 3.4.3 are used to create rough, 

simplified sketches of the distribution of charge at the ceiling, shown in Figure 3.42, 

configuration 1A and 1B, respectively. For simplicity, a point charge, -q is used in place 

of a cluster of negative charge, +q in place of a cluster of positive charge, and are 

positioned equidistant from each other at a distance, l. This will be used to show why the 

distribution of charge near the metallic surface, seen in the snapshots, result in a lower, 
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and thus more favourable, energy in comparison to another way of polarizing charges for 

this system, Figure 3.42, configuration 2A and 2B. 
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   according to equation 3.3 and 3.4. Therefore, configuration 1A of Figure 

3.42, which represents the configuration of charges near the metallic surface shown in the 

snapshots, has the lowest energy possible energy for this system, and is thus preferred. 

The following shows the energies for the charge system in configuration 2A and 2B. 

 

Configuration 1 Configuration 2 

A 

B 

Figure 3.40 Ceiling 

Configuration 

Figure 3.42 Metallic Surface: Configurations used to find lowest energy state 
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   according to equation 3.5 and 3.6. This yields a lower, more preferable 

energy for configuration 2A in Figure 3.42, which is why the charges adopt this 

configuration as that in the snapshot. The above calculations confirm that charges align in 

a way that minimizes repulsion and maximizes attraction. 

 

 Aggregation of sodium and chlorine at the metal surface, regardless of the 

presence of calcium, affects bacterial attachment. With no Ca
2+

 in the system, it is 

favourable for O-sidechains to aggregate in a cluster below a cluster of sodium on the 

surface. Charged sugars repel the negative image charges of sodium, and so do not attach 

to the surface where there is a cluster of sodium. On the other hand, LPS attach to the 

surface where there is a cluster of chlorine, as shown in the system snapshots, since they 

attract to oppositely charged image charges. In doing so, the most favourable energy state 

is found to reach equilibrium. In addition, the decrease in LPS attachment to the surface 

with no Ca
2+

 in the system as d increased, as suggested in section 3.4.1, correlates to 

finding the most favourable energy state. As d increases, sodium and chlorine moieties 

increase in the system, which increases sodium and chlorine moieties on the surface. As a 

result, the interaction between O-sidechains and the metal surface is weakened as d 

increases since more sodium clusters at the surface shield O-sidechains from the metal, 

while the increase in separation between them as d increases weakens LPS-surface 

interactions; hence the decrease in LPS attachment. Moreover, with calcium in the 
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system, calcium moieties stabilize the accumulation of O-sidechains in groups just below 

the surface, similar to the stabilization of core sugars in the low-permittivity surface 

system. The presence of calcium in the system causes calcium to gather in and stabilize 

the LPS core, forcing sodium to the surface where the shield O-sidechains from the 

metal. This decreases attachment of the LPS to the metallic surface from the case of no 

Ca
2+

 to high Ca
2+

. 

 

 In the case of no Ca
2+

, the decrease in equilibrium energy, as well as electrostatic 

energy as seen in Figure 3.43A and Figure 3.43B, respectively, is a result of addition of 

ions to the system as d increases, which increase the clusters of ions at the surface and 

increase the attraction between positive moieties and the LPS core. Likewise, in the case 

of high Ca
2+

, the increase in calcium concentration increases attractive electrostatic 

interactions between calcium and core LPS as well as calcium and LPS grouped near the 

surface. Calcium stabilizes O-sidechains bunched together in regions just below the 

surface, better reflected by the results for           , and stabilizes O-sidechains 

collapsed to the core for           . The result is lower equilibrium energies and 

electrostatic energies for the high Ca
2+

 case compared to the no Ca
2+

 case, indicated by 

lower values for the solid green line in Figure 3.43A and Figure 3.43B. 

 

 LPS sugars in clusters just below the surface and at the core do not pack closely 

enough for hydrogen bonding to increase for           . As d increases for 

          , O-sidechains attract to the surface and to regions just below the 

surface in small clusters, while clusters remain distant from one another, preventing 
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abundant hydrogen bonding. Hence the increase in hydrogen bond equilibrium energy as 

d increases in Figure 3.43C for           . For the surface at           , 

O-sidechains collapse toward the core, which correlates to the drop in hydrogen bond 

energy beyond       . As d increases, more atomic moieties are available for van der 

Waals interactions and so van der Waals equilibrium energy decreases, indicated by 

Figure 3.43D. There is little difference in van der Waals energy between no Ca
2+

 and 

high Ca
2+

 cases due to no surface van der Waals effects. 

 

 Unlike the charged and uncharged low-permittivity surfaces, the metallic surface 

system shows an effect from sodium and chlorine, in addition to calcium, on LPS 

adhesion to the surface. LPS are repelled by sodium located at the surface, because ions 

adsorb preferentially to the metallic surface compared to the binding of O-sidechains. 

This is a general statement and is due to the number of conformational states which 

would yield no binding. An ion possesses only one internal state and therefore always 

binds if it is sufficiently close to the surface. Meanwhile, some O-sidechains aggregate 

with chlorine at the surface to attach, while other O-sidechains accumulate in a region 

beneath positive charge at the surface. O-sidechain clusters in regions below positive 

charge at the surface are stabilized by calcium moieties. Charges form clusters of like 

charge on the infinitely high permittivity surface to find the lowest possible energy state. 

This explains the significant decrease in equilibrium energy for the metallic surface 

system compared to the low-permittivity surface systems. The metallic surface exhibits 

similar results as Schneck et al. 2009 and Oliviera et al. 2010, when it reaches       , 

where calcium induces the collapse of the O-sidechains to the core. 
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Figure 3.43 Metallic Surface: Equilibrium Energy Distributions, A, Electrostatic  

  Energy Distributions, B, Hydrogen Bond Energy Distributions, C, and van 

  der Waals Energy Distributions, D. 
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Chapter 4  

Conclusions and Future Work 
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4.1 Conclusions 

 

 LPS attachment to the uncharged and charged, low-permittivity surfaces was 

reduced as a result of calcium inducing the collapse of O-sidechains to the core. This was 

especially evident at higher values of d. Calcium moieties stabilized the LPS core by 

bridging bonds between core saccharides. In the case of the metallic surface, ions at the 

surface had a shielding effect on O-sidechains, where the LPS was unable to attach to the 

surface due to clusters of charge. Shielding from sodium, together with calcium 

stabilizing clusters of O-sidechains below clusters of sodium at the surface, LPS 

attachment to the metallic surface was reduced. Finally, when the surface reached a 

height of       , the LPS and surface were far enough that interactions between them 

were very weak. The result of calcium inducing the collapse of O-sidechains to the core, 

almost entirely, matched the predictions based on the study by Schneck et al. 2009 and 

Oliviera et al. 2010. 

 

 In the charged, low-permittivity surface system, calcium's presence reduced O-

sidechains attaching to the surface, and lead to their collapse to the LPS core. The 

interaction between O-sidechains and the positively charged surface was stronger for the 

surface at           , allowing some LPS attachment to the surface, while others 

collapsed to the core. When the surface reached heights of           , a larger 

separation between the LPS and the surface weakened interactions between them and 

calcium collapsed nearly all O-sidechains to the LPS core. Generally, electrostatic 

interactions dominated van der Waals interactions and hydrogen bonds in the system, 
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though van der Waals interactions and hydrogen bonding helped calcium stabilize core 

saccharides. As predicted, the collapse of O-sidechains, due to a high calcium 

concentration, decreased attachment of the bacterium to the model hydrophilic surface. 

 

 The presence of calcium in the uncharged, low-permittivity surface systems did 

not allow O-sidechains to come near the surface. Above 90% of sugars were found in the 

LPS core in the case of high Ca
2+

, and so calcium almost completely collapsed O-

sidechains to the core. Therefore, O-sidechains were unable to attach to the surface in the 

case of high Ca
2+

. In the case of no Ca
2+

, van der Waals attraction between the LPS and 

surface were not strong enough to overcome the repulsion between negatively charged 

sugars and their like charged image charges in the region defined by    , which 

prohibited attachment of the LPS to the surface. 

 

 Finally, attachment of the LPS to the metallic surface depended on all ions in the 

system. As well, charges near the surface, with an infinitely high permittivity, were 

ordered in clusters of positive and negative charge as a result of the most energetically 

favourable conformation. Positively charged sodium and calcium formed clusters of 

positive charge at the surface, while negatively charged sugars of O-sidechains and 

chlorine did the same. O-sidechains could not attach to the surface where there were 

clusters of positive charge since they were repelled by the negatively charged image 

charges of positive clusters. O-sidechains that were unable to attach instead formed their 

own clusters, with some chlorine, below clusters of positive charge at the surface. 

However, O-sidechains attached to the metallic surface by forming clusters with chlorine, 

where there was strong attraction between negative clusters and their positively charged 
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image charges. As d increased in both cases of calcium, more ions entered the system, 

pushing more positively charged moieties to the surface, and causing less O-sidechains to 

attach to the surface. In the high Ca
2+

 case, calcium moieties stabilized clusters of O-

sidechains below positive charge at the surface for the surface at           , while 

other O-sidechains collapsed to the core. For           , when the surface and 

LPS separation became large enough and greatly weakened their interactions, calcium 

caused an increase in the collapse of O-sidechains to the core. 

 

4.2 Discussion of Future Work 

 

 The model was tested with the charged and uncharged, low-permittivity and 

metallic surfaces at       . These tests confirmed the results of the study by Schneck 

et al. 2009 and Oliviera et al. 2010. Other tests may be performed for quality purposes as 

well. The initial state of the system can be changed to further analyze ionic effects on 

attachment of the LPS to surface. Simulations were performed with the same initial state 

for the LPS, which meant that all sugars started at the same positions for consistency. 

These initial positions were chosen such that the LPS was not far from the surface, so 

their interactions gave room for LPS attachment to occur and allowed it to be tested. An 

addition to this study would be to initialize LPS positions such that O-sidechains begin 

with sugars attached to the surface. This would test the effect of calcium on a bacterium 

whose LPS is already attached to a surface. This would prove useful in combating 

bacteria attached to surfaces. For the metallic surface, further validation could be 

performed through initializing the system with all charges at the ceiling as well as having 
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LPS sugars attached to the surface. Based on the results of this study, it would be 

expected that these additional tests reach equilibrium with less Monte Carlo steps as they 

describe the equilibrium states shown in Chapter 3. It is speculated that they would 

further support the data. 

 

 Sodium and chlorine moieties demonstrated effects on the attachment of the LPS 

to the metallic surface, and should therefore be studied further. The metallic surface 

system requires further testing of the effects of sodium and chlorine concentrations on the 

system, not only calcium, by varying their concentrations in order to observe trends in 

LPS attachment.  This leads to computing a change of ion concentration in the system by 

using a chemical potential with the current algorithm. Monte Carlo (MC) simulations 

were performed using the Metropolis algorithm, but with chemical potential included in 

the algorithm, sodium chloride as well as calcium chloride will be added or subtracted at 

each Monte Carlo step until the system reaches equilibrium with the same initial 

concentration set for these compounds. This will ensure that fluctuations in ion 

concentration do not cause significant deviation from the initial setting, while also 

allowing sodium chloride and calcium chloride to enter or exit the system as they would 

in salt water systems. 

 

 As mentioned in the methods section, Chapter 2, statistical roughness of the LPS 

layer was not taken into account. Addition of flow to the system will compensate for this, 

as it will factor in resistance created by flow in the aqueous layer. LPS and other moieties 

in the system will adhere to these conditions to create a model closer to the conditions of 
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P. aeruginosa attachment to surfaces in salt water. Not only will the model account for 

these conditions, it will also allow the analysis of the system in time, which will prove 

useful in gauging the effects on attachment of the LPS to surfaces with a time scale, 

rather than only Monte Carlo steps.
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