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Chapter 1 – Introduction

1.1 Why Care About Bacterial Adhesion?

Bacteria are the most prevalent and successful life forms on Earth. They outper-

form almost all organisms in their breadth of adaptability to extreme habitats [53],

and live symbiotically with many. Bacteria have detrimental roles in processes as

spatially and temporally diverse as the human digestive system [7] and geochemi-

cal cycles [29]. The human body hosts ten times more bacterial cells than human

cells; that is close to 100 times more genes than the human genome [50].

The conventional picture of bacteria as planktonic cells is rather inaccurate and

often only applies to species in high-flow or chemically specific environments [42].

Bacteria have a natural tendency to be surface-bound and live within tightly-knit

highly cooperative communities with intricate chemical communication networks

[63]. Biofilm formation generally increases a species’ chances of survival [22] by fa-

cilitating more efficient utilization of resources and increasing robustness in dealing

with environmental stresses.

As precursors to biofilm formation, surface recognition and adhesion play cen-

tral roles during the lifespan of a cell. A sound mechanistic understanding of

adhesion in terms of well-defined sub-processes and physics, is fundamentally im-

portant in a variety of natural and engineered systems. For instance, prevention
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of infections in medical implants relies heavily on a detailed understanding of the

surface properties of potentially pathogenic species that inhabit the human body,

while reliable predictions of bacterial transport and biodegradation in soil are hin-

dered without knowledge of how cells interact with mineral surfaces.

1.2 What are Bacterial Cell Walls Made of?

The adhesive properties of cells are directly linked to the properties of their en-

closures. Bacterial cell walls are multi-purpose complex structures responsible for

a variety of different tasks and therefore host great molecular diversity. Based on

the structure of their cell walls, bacteria are divided into two major groups: gram-

negative and gram-positive. Gram-positive cell walls are in general structurally

simpler yet more variable across different species. Gram-negative cell walls are

more consistent in terms of their overall structure: a peptidoglycan layer covered

by an outer membrane (OM).

The gram-negative OM, essentially a lipid-protein bilayer, is made up of a di-

verse set of building blocks, including proteins, phospholipids, and lipopolysaccha-

rides (LPSs) [6]. The OM proteins generally constitute the structures responsible

for the porosity of the membrane and cross-membrane molecular transport [6].

Phospholipids and LPSs assemble asymmetrically to form the bilayer, with most

of the former facing inwards and the latter toward the extracellular environment.

LPSs cover a significant area of the OM and have a three-part structure: an

anchoring Lipid A, a core oligosaccharide, and an O-antigen side chain [12]. They
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are also commonly referred to as the inner core (the Lipid A), outer core, and

the O polysaccharide. LPSs exhibit remarkable structural diversity, both in the

molecular structure of their three fundamental parts, and in the details of how they

are assembled. The O-antigen part of the molecule is the most highly variable.

Lipid A-cores can be capped (smooth) with O polysaccharides of various lengths or

uncapped (rough). The degree of capping (the ratio of smooth to rough LPS) grants

serotypic specificity [45]. Close to 170 unique O serotypes have been reported for

E. coli alone [45].

LPS cover the OM in patches of reportedly hundreds to thousands of molecules

[34, 5]. Within each patch, side chains are highly mobile, switching between dif-

ferent spatial configurations very rapidly [6, 34], with more extensive movements

near the longitudinal end of the chains. These patches play a central role in mod-

ulating the OM’s permeability and interact closely with ions in the cell’s micro-

environment. Molecular dynamics simulations [34], and coarse-grained membrane

models coupled with grazing incidence x-ray fluorescence measurements [49] have

demonstrated that metal ions, especially the divalent cations Ca2+ and Mg2+, ag-

gregate near the core region of LPS molecules and are crucial to the stability of

brushes.

Relatively less data is available on the fine molecular structure of the gram-

positive cell walls, but they are generally regarded as equally complex and het-

erogeneous structures per se [61]. Regardless of whether or not gram-staining is a

useful differentiator in the context of adhesion, we can observe that both groups

of bacteria exhibit remarkable surface complexity and variability across different



5

strains and species. The implications of this inherent roughness and heterogeneity

will be discussed in the following sections.

1.3 Basis for Modulated Heterogeneity and Roughness

The surface properties of cells are direct consequences of their structural make-up.

The presence of various types of molecules and their structural diversity render

the bacterial cell wall inherently rough. The concept of roughness, in the context

of contact mechanics, characterizes a surface with asperities that diminish perfect

contact and lead to reduced adhesion [32]. The roughness that bacterial surfaces

exhibit is phenomenologically different from that of crystalline or non-crystalline

solids in a number of ways.

First, the constituents of cell walls are polymers with more spatial degrees of

freedom than individual molecules within a solid lattice. In most cases, these

polymers are compliant and responsive to external stimuli. Second, cell wall con-

stituents often serve multiple purposes simultaneously. This, added to the fact

that cell walls are bacteria’s sole means of interaction with the extracellular en-

vironment, suggests that these molecules, and the possible larger structures they

belong to, are highly selected for and regulated. So, in principle, the structure of

the cell wall as conferred by the presence, molecular make-up, and spatial coverage

of its constituents, is linked to some information processing by the cell.

For instance, the O-antigen chain length distributions in cell surface polysac-

charides are highly modulated. This modality is clearly observed as ladder-like
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patterns in SDS-PAGE profiles, and is strain-specific [64]. The underlying genetic

and mechanistic basis for polysaccharide modality has been extensively investi-

gated and partially recreated in vitro [65]. Interestingly, apart from being strain-

specific, the chain length distributions also seem to be affected by environmental

signals [64, 37], providing the cell with a mechanism to adapt to change in its

environment.

In addition to topography, heterogeneity reflects equally clearly in a number

of other surface properties. The electronegativity and hydrophobicity of Pseu-

domonas aeruginosa PAO1 [37] and Shewanella strains [33] have been shown to be

affected by the degree of capping of surface polysaccharides. The relative expres-

sion of A- and B-band LPSs directly influences surface charge and hydrophobicity

and consequently mediates the cell’s adhesion to hydrophobic and hydrophilic sur-

faces. This molecular-level patchiness has been confirmed by molecular dynamics

(MD) simulations and force spectroscopy on live cells [19, 35].

Modulation also affects how cell surface properties change in response to envi-

ronmental changes. In a recent study on Pseudomonas aeruginosa PAO1, it was

demonstrated that increased salt concentrations induce compression of charged

LPS chains and an overall decrease in polymer brush length [51]. This change

in brush structure led to a greater predominance of uncharged, more hydrophobic

LPS molecules, and a consequent increase in overall cell hydrophobicity. This is an

interesting example of the kind of ‘phase changes’ the cell surface can experience

due to its inherent molecular heterogeneity.
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1.4 Force Nanoscopy of Bacterial Surfaces

The family of atomic force microscopy and single-molecule force spectroscopy tech-

niques have been valuable assets in resolving the molecular complexity of bacterial

surfaces to ever-increasing details [39]. Force nanoscopy of bacterial OMs brings

about two major advantages: (1) using functionalized probes, the thermodynamic

properties of individual bond complexes can be studied on the nanometer scale,

and (2) the spatial distribution of surface constituents and bond complexes can be

resolved in native environmental conditions.

A typical force-distance trace on bacterial surfaces is hysteretic, i.e. the force

measured when the probe is approaching the surface are significantly different from

ones measured on retraction. Forces on approach tend to be repulsive, while those

on retraction are attractive. The retraction curves are characterized by multiple

rupture events as individual or cluster bonds break and surfaces detach. The

forces are also spatially variable so multiple measurements are made on a single

immobilized cell to generate a force spectrum for the surface, i.e. a probability

distribution curve that records the occurrence of forces of different magnitudes.

Spatial distributions of forces on the cell surface (i.e force maps) can be obtained

using the same technique.

On a smaller scale, functionalized probes help generate energy landscapes for

single bond complexes ranging from generic surface constituents to highly special-

ized adhesins. Single-molecule experiments are conduced in the dynamic mode and

lead to rate-dependent results. A central challenge is translating non-equilibrium
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measurements into representative equilibrium free energies of molecular/bond com-

plexes [26, 25].

Polysaccharides have been extensively studied by different flavors of force spec-

troscopy. Mechanical properties of single chains [47], as well as their remarkable

molecular-level heterogeneity have been captured [2, 16]. More recently, the in-

fluence of different molecular make-ups of O-antigen chains on their mechanical

properties have been reported, where polysaccharides rich in galactose exhibited

significantly more extension than those rich in mannose [20].

The primary goal of using AFM in adhesion studies is to understand the cor-

relations between the mechanical properties of LPSs molecules and the adhesion

of a cell. The approach and retraction curves are normally interpreted using dif-

ferent theories. Statistical mechanical entropic potential energy functions such

as the freely-jointed chain (FJC) and the wormlike chain (WLC) are most often

adopted to describe the non-linear mechanical stretching of single LPS chains (see

[44]). Approach curves are interpreted using the phenomenological Bell’s model

or polymer brush theories in combination with DLVO potential functions. (see

[21, 43]).

An important feature of force nanoscopy as a technique in studying bacterial

adhesion is that it has evolved to become a multi-scale tool. With slight modifica-

tions, it can be used to resolve forces on the nanoscale as well as across an immobi-

lized cell surface. Accordingly the measurements range from single-molecule force

distance traces to probability distribution functions for specifically bound bond

complexes or general interactions with bare silicon nitride tips.
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1.5 Specific vs. Non-specific Adhesion

The complexity of bacterial outer membrane suggests that its adhesive properties

might be species-specific. A popular approach to reducing this complexity is to

divide the possible interactions into non-specific and specific [13, 14]. The for-

mer refers to universally present physicochemical forces that are believed to govern

the surface interactions of all colloid-like particles, while the latter encompasses

all interactions that arise due to molecularly-specific bond complexes such as lig-

and/receptor interactions, hydrogen bonds, etc.

Models for non-specific interactions have extensive flexibility in capturing the

effects of chemistry on colloid-surface interactions. Their greatest appeal, however,

is their generality, which allows species-independent predictions to be made based

on macroscopic measurements of the parameters that construct them. The word

‘macroscopic‘ here emphasizes the fact that the parameters in physicochemical

models of adhesion are not only defined macroscopically (i.e. they are coarsened to

the level of an individual cell), but are also measured through processes that involve

multiple cells. For instance, the Hamaker constant and the zeta potentials in the

classical DLVO potential energy function are measured on lawns and suspensions

of many cells, respectively. So, in a sense, these values are averaged not only over

a cell’s entire surface, but also over an ensemble of cells.

Specific interactions, on the other hand, describe forces that occur on a much

smaller scale (2-3 orders of magnitude smaller to be precise). They are character-

ized by their selectivity, which in most cases implies complex fine-tuned molecular
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structures, and their often counter-intuitive mechanical behavior. Catch bonds,

bonds that increase in strength with increasing shear stress, are a well-known ex-

ample [54]. Specific interactions are energetically complex and require accurate

molecular level measurements and detailed theories to interpret.

The demarcation between specific and non-specific forces is inspired by their

different physical characteristics, but can also be interpreted on a deeper level.

Specific interactions are discrete molecularly diverse polymer-bond complexes that

occur on a molecular level, while non-specific interactions emerge at the asymptotic

limit due to the accumulation of a great number of small-scale contributions. Non-

specific bonds are believed to be significantly weaker than their specific counter-

parts, providing a criterion for their deconvolution in experimental measurements

[14]. Poisson statistics have recently been used to separate these effects [21, 3, 8].

The degree of complexity of specific interactions, both in the molecular and

the corresponding thermodynamic sense, seem to correlate with the complexity

of the organism itself. Eukaryotic cells tend to have more specialized structures

for binding to other cells. The polymer-substrate interactions in bacteria have for

the most part been attributed to the formation of hydrogen bonds between the

outermost functional groups of outer membrane biomolecules and relevant sites on

the substrate [30, 52, 21].
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1.6 How Outer Membrane Appendages Affect Adhesion

The important role of surface biomolecules on bacterial adhesion has been empha-

sized and studied rather extensively recently [48]. A recent series of studies have

taken a multiscale approach to the problem, by adopting tools that evaluate cell

behavior at different scales. Abu-Lail and Camesano [1] found correlations between

AFM measurements on wild-type and EDTA-treated Escherichia coli JM109 cells

and results of batch and column adhesion experiments. Their results indicate

higher energy barriers associated with cells after LPS removal. In a similar study,

Walker et al. [62] studied the adhesion kinetics of three Escherichia coli K12 mu-

tants that expressed full, partially truncated, and fully truncated O-antigen side

chains. They found only partial agreement between their results and DLVO predic-

tions. They concluded that for strains with exposed charged groups, electrostatic

interactions are detrimental, while DLVO does not fully explain the behavior of

neutral and long LPS-coated cells.

Vadillo-Rodriguez et al. [56] have demonstrated that the repulsive steric forces

measured by AFM correspond to an activation energy barrier and correlate with

the rate of adsorption but not with X-DLVO predictions. A similar correlation

between average adhesion forces from the retraction curves and desorption rates

could not be found. In a different study, Vadillo-Rodriguez and Logan [55] found

that macroscopic adhesion correlate not with average adhesion forces but with the

5% of sites with the largest adhesion force. This interesting observation clearly

demonstrates the possibility for finite local adhesion events dominating the adhe-
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sive behavior of a cell.

Although these sample observations demonstrate the clear role of surface biomolecules

on adhesion, establishing quantitative links between different scales have been

less successful. Of particular interest is a connection between the properties of

LPSs and the forces measured by AFM. Attempts at finding correlations between

LPS length and adhesion forces have been only marginally successful. Strauss et

al. studied eight strains of E. coli and found correlations between adhesion force

and length for those expressing longer LPS, but none for those expressing shorter

chains. The study concludes that the longer LPS allow for more hydrogen bonding

and enhanced adhesion forces, while truncated chains are overshadowed by re-

pulsive electrostatic forces. A similar study on Pseudomonas aeruginosa found no

correlation between adhesion force and LPS length, but demonstrated a significant

correlation between adhesion force and other phenomena such as virulence.

To summarize, general trends in the literature suggest the significance of steric

contributions from surface biomolecules in creating the energy landscape of the ini-

tial interactions. The equilibrium length of the brush is an important indicator of

the possible length scales of the overall interaction. Average values for properties

such as adhesion force, equilibrium brush length, etc. only occasionally correlate

with other measurements at similar or different scales. Finally, there are signifi-

cant variations in the adhesive properties of LPSs with different chain length and

electrostatic signatures. All the above demonstrate the important role of surface

appendages in shaping the adhesive properties of cells and highlight the need for

physically sound models that incorporate these effects.
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1.7 Statement of the Problem

On many levels, bacterial adhesion is still a fundamentally open question. This

is due as much to the inherent biological complexity of bacterial cells as to the

complexity of the chemical micro-environment. When studying a bacterial adhesion

problem, we are far from having the luxury of dealing with well-defined initial and

boundary conditions, and parameter fields. A variety of causal influences on a

wide spectrum of spatial and temporal scales are involved. Consequently, there

are numerous contexts in which a study on bacterial adhesion can be framed to

arbitrary degrees of complexity.

Our focus in this work is on the initial interactions between cells and surfaces,

with a particular emphasis on the role of cell surface biomolecules on shaping the

interaction. The first goal of this study is to introduce a simple model that respects

the multi-scale nature of the interaction, captures its characteristic features as

observed in different force spectroscopy experiments, and is free of unwarranted

complexity. The second goal is to use this modeling scheme to study how the

inherent surface heterogeneities of bacteria affect adhesion.

We work under the premise that a model for bacterial adhesion ultimately

needs to have explanatory depth towards understanding the experimentally ob-

served force-distance behavior. We particularly avoid an exhaustive search for

fundamental constitutive models for the interactions involved, and avoid unwar-

ranted complexity when possible.

The rest of this manuscript is organized as follows: In chapter 2, the phe-
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nomenology of the proposed approach will be explored and contrasted with the

colloid theory models of bacterial adhesion; In chapter 3, The basic building blocks

of the model will be introduced and the underlying assumptions laid out; In chapter

4, results of sample simulations will be presented along with an in-depth qualitative

analysis; Finally, in chapter 5, a summary of the addressed issues and recommen-

dations for future research will be offered.
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Chapter 2 – Physics of Contact

2.1 What is Adhesion?

In the absence of contamination, all smooth surfaces leap into contact due to

attractive electromagnetic forces when brought to distances on the order of molec-

ular dimensions [32]. Molecular adhesion is a universal phenomenon and becomes

particularly dominant in systems with sub-micron characteristic length scales. A

typical adhesion cycle consists of (1) a leap-into-contact event on approach, (2) an

elastic or plastic deformation of bound surfaces on retraction, and (3) breakage of

contact upon further retraction.

An immediate analogy can be drawn between this picture and the interactions

of cell surface biomolecules with external substrates. When a cell approaches

a substrate, the outermost functional groups on the outward-protruding chains

interact with external bonding/repellent sites. If the interactions are attractive,

a bond complex forms. As the surfaces are pushed closer, the spatial constraints

that the chain is subject to generate a repulsive compressive force.

When the cell is pulled apart from the surface, the elasticity of the chain allows

the bond complex to survive and be translated along the spatial dimension that

characterizes the movement. Past the equilibrium length of the chain, an attractive

force emerges due to the chain’s resistance to further extension. Eventually, on
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further separation, bond dissociation or chain rupture end the interaction.

The role of surface elasticity needs to be highlighted here, especially relative

to the strength of the bond. When surface constituents have significant degrees

of freedom within their lattices, the bond complex can survive more extensive

translations before dissociating. In the case of cell walls, we would expect these

degrees of freedom to be significantly larger than, say, a crystalline solid. This leads

to the observed hysteresis in adhesion cycles and the emergence of an adhesion

energy (or work).

2.2 How Surface Roughness Affects Molecular Adhesion

As a general rule, roughness leads to reduced adhesion by decreasing the contact

area between surfaces. However, more complicated scenarios are equally probable.

For instance, pushing on a rough surface might plastically deform the surface, dis-

sipate energy in the process, and lead to hysteresis [32]. Moisture can accumulate

in the crevasses and valleys on a rough surface and generate strong capillary forces

on retraction.

Continuum models of mechanical contact and molecular adhesion have been

shown to break down for rough surfaces [36]. In these cases, local interactions

that involve single asperities can dominate the interaction and generate forces

that significantly deviate from those predicted based on average properties of the

surface.

Similarly, in bacterial adhesion, when the variations in chain lengths are on
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the same order or greater than the characteristic lengths of the bonds, models that

employ assumptions of smoothness and continuity are no longer valid. Interactions

of this sort, especially for smaller contact areas are fundamentally discrete; i.e.

they involve a finite number of surface elements and are highly influenced by the

distributions of various features of these elements.

2.3 The DLVO Picture

The holy grail of bacterial adhesion is a representative potential energy function

that could describe the initial interactions between a cell and a solid. If attainable,

such a model would predict the strength, length, and the degree of reversibility of

the interactions and thus serve as an indicator for the possibility or lack of an onset

for adhesion. A popular approach has been to adopt a so-called physicochemical

approach and borrow potential energy functions from colloid stability theory, the

most well-known being DLVO theory [59].

The DLVO potential energy function is a superposition of two competing po-

tentials: (1) the repulsive electrostatic contribution that is usually obtained by

solving the the Debye-Huckel approximation to the double-layer electrical poten-

tial problem between two objects (a linearized PDE) [24], and (2) the attractive

Lifshitz-van der Waals (VDW) potential, which is obtained by integrating small-

scale 1/R−6 contributions (London forces) over the geometrical domain that defines

the system. Essentially, the first term is the solution to an elliptic partial differ-

ential equation (of the potential theory tradition), and the second an asymptotic
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result for a sum over the geometrical domain.

Each term is a mapping of one type of interaction over the spatial dimension

that characterizes the overall interaction. The DLVO theory has been implemented

with occasional success to qualitatively and quantitatively predict bacterial adhe-

sion [23]. The model’s noteworthy strengths have been providing an explanation

for reversible attachment of cells [46] and being flexible in resolving the effects of

ionic strength on adhesion.

Criticisms of the application of DLVO to bacterial adhesion range from funda-

mental challenges to the notion of separability of electrostatic and Lifshitz-VDW

forces [41, 11], to the suggestion that a purely physicochemical approach cannot

resolve the complexity of cell-surface interactions due to significant heterogeneities

and molecular specificity [10]. The second argument favors a demarcation between

specific and non-specific forces [14], which has gained favor and been implemented

with some success recently [21].

Extended versions of the DLVO theory try to reconcile these shortcomings by

including additional forms of interactions in the original superposition. The first

modification accounts for hydration/acid-base type forces by adding an exponential

decay function to the potential function [60]. This new term accounts for the

established role of hydrophobicity in cell adhesion [9]. More recently, with the

increasingly clear role of surface appendages, additional exponential decay terms

have been included to account for steric repulsion by surface polymers [19].

The modifications introduced with the purpose of accounting for detrimental

physical process not conceived in the classical formulation of DLVO theory often
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lack a firm physical basis. The role of surface polymers, for instance, is imagined

to be a purely repulsive steric contribution and is represented by an approximation

to Alexander and de Gennes [4, 18] theory of end-grafted polymer brushes.

Despite resolving some discrepancies, this modification does not help explain

the possible bridging role of cell surface biomolecules, which can in principle deter-

mine the reversibility of the interaction. In addition, the fundamental assumption

of smoothness is in essence still in place, since the antecedent polymer brush the-

ories assume brushes made up of identical constituents.

The complex structure of cell walls also challenges the implied assumption that

all contributions in DLVO theory can be gauged over a unique universal datum.The

potential patchiness of the cell wall in terms of electric charge and hydrophobicity

on one hand, and the complex longitudinal distribution of ions and charged groups

in polysaccharide brushes on the other, suggest the existence of more complicated

potential fields. For instance, it has been suggested that the core groups within

LPSs are responsible for the majority of the charge of the molecules. This implies

the possibility of existence of a phase shift equivalent to the longitudinal length of

the side chains between the datums that characterize the electrostatic and Lifshitz-

VDW forces.

2.4 How Surface Structures Shape an Interaction

The construct introduced in the next chapter and physicochemical approaches to

bacterial adhesion have a major phenomenological difference; that is, the multiscale
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model is based, initially, on solving a free energy minimization problem for a

single bond complex by constraining the free energy variations of a polymer chain

to the energetics of the bond. In other words, we introduce two distinct levels

of analysis: First, the level of individual interactions between single chains and

external bonding sites, and second, a characteristic area of contact over which

discrete adhesion events, whose force-distance profile have been obtained from the

first problem, accumulate to form the overall interaction.

Compared to the upscaling process for the Lifshitz-VDW force in DLVO theory,

the multiscale model introduces an intermediate level of analysis where individual

adhesion events (not bonds) are the elementary building blocks, as opposed to

potential energy functions for single bonding sites. By doing so, information about

the thermodynamic (i.e. elastic) properties of individual polymer chains, and

the structure of their heterogeneities become inseparable parts of the formulation.

This, in a sense, represents the construction of the interaction from the bottom up

as informed by the structure of the brush. Exactly how much information is needed

to resolve the interaction will therefore depend on the degree of heterogeneity of

the brush.

This particular formulation brings about two immediate advantages: (1) The

model simultaneously captures the effects of initial attractive forces between the

outermost functional groups and external bonding sites, and the steric repulsion

from compressed chains, while allowing for the same interactions to reverse direc-

tion on retraction and serve as adhesion events; (2) A simple and sound physical

interpretation is established for small-scale interactions in addition to enough flex-
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ibility for statistical analyses of a multitude of adhesion events as a single larger-

scale interaction.
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Chapter 3 – A Simple Construct

3.1 Formulation

3.1.1 Nanoscale Model

We start the analysis by studying the following scenario: consider a molecularly

smooth surface approaching a cell membrane with a constant velocity vs. This

section is dedicated to studying the mechanical response of a single polymer chain

on the membrane as it interacts with the external substrate. As illustrated in

Fig. 3.1, the conceptual picture adopted here represents the polymer and the bond

by two potential energy functions. Each potential function can be thought of

as a coarse-grained model for smaller scale phenomena and processes: The bond

potential energy function Ub represents the molecular adhesion forces, and the

chain potential energy characterizes the elasticity of the polymer. The sum of two

is the total potential energy of the system:

Utot(ξ) = Ub(r) + Up(x) (3.1)

The coordinate variable ξ is the total distance between the substrate surface and

the stationary base of the polymer chain (graft surface on the outer membrane).

The distance between the polymer tip and the substrate is represented by r, and x



23

Figure 3.1: Conceptual contact process between a smooth probe and a polymer brush

measures the deformation in the chain due to external perturbations. If the analysis

is restricted to one spatial dimension, these three measures and the equilibrium

chain length are interrelated through the following constraint (Fig. 3.2):

ξ = leq + x+ r (3.2)

The force curve that describes the interaction between the chain and the sub-

strate is a product of a conservation law that relates the two potential energy

functions. In the absence of energy dissipation from the system, the bond poten-

tial energy imposes a constraint on the otherwise equilibrium state of the chain. In
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Figure 3.2: Spatial constraints on longitudinal displacements

other words, the energy associated with the bond at a given separation (ξ) creates

an offset in the potential energy of the chain, keeping the overall energy in the

system constant. When imposed at various separations, this approach allows us

to study the system as it jumps from one equilibrium state to another. The force

curve is then generated by tracking the offset in the chain potential energy at each

separation. Mathematically, the quasi-static condition is:

∂Utot
∂r

∣∣∣∣
ξ

= 0 (3.3)

Fixing ξ, equation-3.3 is a well-posed problem for r. In geometrical terms, we

are tracking the minima of a group of curves generated by the intersection of the

Utot(ξ, r) surface with a set of surfaces perpendicular to the ξ-axis and parallel to

the r-axis. The set of {r(ξ)} can then be used to calculate force:
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Fp(ξ, r(ξ)) = −∂Up
∂r

(ξ, r(ξ)) (3.4)

3.1.2 Choices of Potential Functions

3.1.2.1 The Bond

Choosing appropriate potential energy functions is a universal problem in modeling

many-body systems. The ultimate goal in this class of problems is to reach a

representative macroscale behavior or property through a proper description of

the microscale interactions between agents (e.g. particles) in the system. The

exact forms of the inter-particle potential functions and their tuning parameters

often vary for different materials. Most commonly implemented potential energy

functions are generated using a handful of general mathematical forms, most of

which have empirical origins [31]. A combination of these general forms are often

needed to model more complex systems (e.g. mixtures of proteins).

On of the most widely used forms is the Lennard-Jones (LJ) potential:

ULJ(r) = 4ε

[(σ
r

)12
−
(σ
r

)6]
(3.5)

The LJ potential describes an initially attractive interaction that is gradually

dominated by an increasingly repulsive contribution on smaller distances. The

LJ potential function is an attractive candidate for modeling intermolecular inter-

actions because it simultaneously captures the r−6 dependence of the attractive



26

London-van der Waals interaction and respects the strong Born repulsion on fur-

ther approach. The LJ potential belongs to a family of two-term potentials:

U(r) = −A
rn

+
B

rm
(3.6)

The repulsive term in eq-3.6 is sometimes approximated by an exponential.

The parameters n and m are normally tuned to data or the specific system under

study. Eq-3.5 will serve as the model for the bond between the polymer tip and

the substrate.

3.1.2.2 The Chain

On the other hand, the polymer potential function will represent the energy

changes in the chain due to perturbations from the equilibrium length. Strictly

speaking, the concept of elasticity is more of a metaphorical conjugate for the

underlying physical processes that gives rise to Up. The equilibrium length of an

end-grafted polymer chain on the outer membrane is the most entropically favor-

able state that the chain can acquire in a given solvent. Perturbations from this

state lead to the generation of excess free energy that is either compensated by

an external constraint (i.e. a new, more favorable entropic state), or generates

a restoring force toward the original equilibrium state. Therefore the elastic-like

behavior of polymer chains is in reality a tendency to minimize free energy.

A number of models with varying degrees of complexity exist for the elastic

behavior of polymers. A brief survey of these force-laws is presented in Appendix
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A. In the first part the analysis, a linear Hooke’s-law-like model is used due to its

exceeding simplicity. A discussion of the asymptotic conditions for the validity of

the linear model will follow. Concurrently, the freely-jointed chain (FJC) force-

law will be implemented to represent the opposite asymptotic limit. Finally, more

elaborate formulations for polymer brushes will be examined.

3.1.3 A Minimal Model for a Single Polymer Chain

Combining the LJ potential with the linear chain force-law leads to the following

expression for the total potential energy:

Utot(ξ, r) = 4ε

[(σ
r

)12
−
(σ
r

)6]
+

1

2
kp(leq − ξ + r)2 (3.7)

Imposing the quasi-stationary condition expressed in eq-3.3 leads to a force

balance:

−kp[Leq − (ξ − r)] = 24ε

(
σ6

r7
− 2σ12

r13

)
(3.8)

This force balance can now be solved for different values of ξ to obtain the

corresponding set of values for r. In physical terms, this is equivalent to moving

the surfaces toward or away from each other and studying how the configuration

of the system (represented by r) changes. Once the set of {r} is generated for a

given spatial domain, the elastic-like force in the chain can be easily calculated:
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Fp(ξ) = −∂Up
∂r

∣∣∣∣
ξ

(r(ξ)) = −kp[leq − (ξ − r(ξ))] (3.9)

Generating the force curve requires two sets of parameters that describe the

bond and the polymer. The relative magnitudes of these parameters are detrimen-

tal in shaping the various features of the interaction. Qualitative and quantitative

analyses of this sensitivity to parameter values will follow.

3.1.4 Brush Model

A polymer brush is a special arrangement of polymers where chains are attached

to a surface or interface on one end and are free on the other. The behavior of

polymer chains in brushes are quite different from that of polymers in solution,

and depending on their concentration (grafting density) might deviate significantly

from the random walk configurations [38]. Two main tendencies constrain chain

configurations in a brush: (1) the tendency to maximize configurational entropy

by coiling into short (i.e. radius) random walk configurations and (2) the tendency

to be wet by solvent, swell and attain larger radii. In dense packings of chains,

the two tendencies counter-balance each other and result in extended equilibrium

configurations with characteristic lengths that deviate significantly from the typical

chain dimension (the random walk radius). In general, the denser the brush, the

more extended the chains.

Bacterial outer membranes are covered with a variety of end-grafted biomolecules.

Conceptualizing these biomolecules as polymer brushes serves as an approximation
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since most chains are only barely long enough to qualify as polymers. In addition,

the outer membrane is very rarely homogeneously grafted; heterogeneities in chain

length, chemical composition, elasticity and electrical charge are abundant. These

heterogeneities complicate the upscaling interaction potential to the microscale by

introducing a great number of local degrees of freedom, the resolution of which

is infeasible. A less obvious consequence of these heterogeneities is the introduc-

tion of intermediate states in the scale hierarchy that potentially arise due to

sub-microscale clustering of similar members on the surface.

In principle, the overall interaction between the outer membrane and a sub-

strate is the sum over all the involved members. This discreteness allows us to

treat the potential energies as additive quantities and express the total force of

adhesion for a set of interactive biomolecules as:

Fadh(ξ) =

Np∑
i=1

Fp,i(ξ) = −
Np∑
i=1

∂Up,i
∂r

∣∣∣∣
ξ

(ξ, r(ξ)) (3.10)

Introducing a new variable, Np; the number of polymers involved in the inter-

action. Note that this particular formulation of the adhesion force disguises the

effect of grafting density on chain elasticity within the particular force-law used

to describe each member. In other words, by adopting an additive approach, we

implicitly assume that the contribution of neighboring chains on the response of a

given member is resolved at the nanoscale.

Eq-3.10 is information-rich as it resolves all the nanoscale degrees of freedom

for a given surface. This approach to the problem can be computationally intensive
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and potentially requires a significant amount of information about the structure of

the cell surface at the nanoscale. To relax these demands, we can take the analysis

one step further by expressing the adhesion force as a summation not on individual

members but on clusters of identical biomolecules. For this purpose, we define a

parameter pj = Nj/Np that speciates the set of all contributions into clusters of

identical mechanical responses. Correspondingly, the parameter Nc counts the

total number of clusters. The force of adhesion can then be written as:

Fadh(ξ) = Np

Nc∑
j=1

pjF
∗
c,j(ξ) (3.11)

The parameter p is equivalent to a probability distribution function for nanoscale

adhesion events. This expression of the adhesion force lies between two extremes:

a completely homogeneous brush with n = 1, where the brush response is a magni-

fied replica of individual nanoscale forces; and a heterogeneous brush where every

member is distinct. These two cases correspond to maximal and minimal reduc-

tions in the information content of the model. Moreover, they implicitly determine

the sub-microscale degrees of freedom needed to resolve the overall interaction.

For the simple case considered in the previous section, the overall adhesion

force can be expressed as:

Fadh(ξ) = −
Np∑
i=1

kp,i[leq,i − (ξ − r(ξ))] = −Np

Nc∑
j=1

pjkp,j[leq,j − (ξ − r(ξ))] (3.12)

Under specific circumstances we can further simplify this expression using the
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linearity of the polymer force-law. Essentially, when the variations in the elasticity

of members (measured by kp,i) are negligible, differences in the equilibrium length

result only in the translation of an identical, conserved shape of interaction along

the ξ-axis. Any two nanoscale adhesion events corresponding to members i and k

are then related according to:

Fp,i(ξ) = Fp,k(ξ − (leq,i − leq,k)) (3.13)

So, in principle, it is possible to construct the adhesion force as the superposi-

tion of a series of translations on one representative force-curve, F ∗
p :

Fadh(ξ) = Np

Nc∑
j=1

pjF
∗
p(ξ − (Leq,j − L∗

eq)) (3.14)

Eq-3.14 conveniently reduces the computational demand of Fadh down to two

calculations. Realistic scenarios where this approximation can be valid will be

discussed in the results section.

3.2 Implied Assumptions and Model Reach

Perhaps the most attractive and information-rich approach to the problem laid out

in the previous section is an ab initio molecular dynamics (MD) simulation. Apart

from being computationally intractable except within small spatial domains and

extremely short time scales, an MD simulation lacks scalability. Any bottom-up

approach to cell adhesion ultimately needs to be conducive to upscaling without
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unwarranted complexity. Hence, the rationale for adopting coarse-grained models

on the nanoscale is to upscale the potential energy function with as little informa-

tion as possible while capturing the essential features of the chain behavior.

The linear superposition of individual interactions imposes a mean-field-like at-

tribute on the model. Essentially, all the different contributions to chain elasticity

have to be resolved within Up, including those of neighboring chains. Up should

therefore be interpreted as an effective free energy function. This also implies that

any non-linearities in the scaling of the overall free energy of the interaction with

Np needs to reflect in the nanoscale response, since the superposition is linear by

design.

The model is strictly constrained to one spatial degree of freedom (ξ). Lat-

eral displacements, bending of chains, and similar movements are assumed to be

absent. This assumption also facilitates and reinforces the mean-field character

of the superimposed overall interaction, since all chains have no lateral degrees of

freedom for movement and therefore interact with their neighbors consistently and

invariantly. The model is also non-dissipative and is as a result limited to elastic

interactions only. Any observed hysteresis in the results is thus due to the presence

of multiple stationary points in the overall potential energy function, and not due

to energy dissipation.

The model is not necessarily strictly multi-scalar. Rather, it provides a scaf-

fold that facilitates a multi-level analysis. Whether or not an interaction can be

characterized as multi-scalar will depend on the degree of elasticity of chains rel-

ative to the strength of the bonds, and to the particular structure of the brush.
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In principle, since most cell surface polymers are stretchable and are characterized

by dimensions that are significantly larger than the length scales of small-scale

bonds, it is expected that for representative mixes of parameters in the model, the

interaction be multi-scalar.

3.3 Simulations

A number of sample simulations are conducted to assess the quantitative strength

of the model, and help facilitate the discussion on its phenomenology. A single

linear chain interacting with a hydrogen bond is first simulated. Bond energy and

length are set to 0.5 × 10−20 J and 0.5 nm, respectively, within the experimentally

measured bounds for hydrogen bonds [27, 28]. Chain elasticity is set so that

extension does not surpass only a fraction of the chain equilibrium length. The

equilibrium length is set to 20 nm. FJC chain simulations are devised based on

results of inverse fits for polysaccharides [20] with contour and persistence lengths

set to 1.5 and 90 nm, respectively.

Brush simulations were conducted by generating sets of chain with different

equilibrium lengths, and solving the free energy minimization problem for each

chain. To compare homogeneous and heterogeneous brushes, two sets, one with

Np identical elements and the other with Np random elements generated using a

Gaussian distribution were created. The mean of the random set was fixed on the

length of the elements in the homogeneous set.
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Chapter 4 – Results and Discussions

4.1 Single-Polymer Force-Distance Trace

Fig.4.1 illustrates a typical result for the system described by eq-3.8. The parame-

ter values are relevant to a single hydrogen bond interacting with a fully extended

chain. As expected, the chain jumps into contact with the probe on approach and

extends beyond this point of initial contact on retraction before snapping off, cre-

ating an elastic adhesion event. Beyond the jump-into-contact separation, forces

measured by the probe are repulsive due to chain compression. On retraction, the

elasticity of the chain relative to the strength of the bond allows a finite elastic

translation of the adhesive contact beyond the jump-into-contact threshold, until

the bond or the chain rupture. The force measured by the probe in this case are

attractive. By convention, the force of adhesion is defined as the depth of the

retraction curve.

The solutions to eq-3.8 are direction-dependent: A sweep of the ξ-domain from

-∞ to 0 and the reverse correspond to the approach and retraction curves, re-

spectively. This hysteresis implies the existence of multiple stationary points in

the total potential energy function, and its extent is directly dependent on the

parameters that characterize the system (σ, ε, and kp). Similar to the majority of

non-linear algebraic equations, closed form solutions to eq-3.8 are difficult to find
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Figure 4.1: Response of a linear elastic chain to a Lennard-Jones potential function.
The values of σ and ε are set to 0.5 nm and 0.5 × 10−20 J to approximate a single
hydrogen bond [30, 27]. Leq and kp are set to 20 nm and 0.002 N.m−1.

and their uniqueness ambiguous. The MATLAB implementation of the numerical

scheme is included in appendix ??.

Fig.4.2 shows a typical result for an FJC chain interacting with an LJ potential.

An important distinction between the linear and FJC force-laws is their symmetry.

The linear model is perfectly isotropic, that is it respects a point-reflection sym-

metry around the origin (or any point along the ξ-axis that corresponds to zero

force). The FJC force-law is anisotropic in that the repulsive and attractive forces

it generates are significantly different in terms of strength and length scale. This

asymmetry affects both the hysteresis in the nanoscale response, and the properties

of the superimposed force-curve for a brush.

The response that results from eq-3.8 represents the nanoscale component of

the system. One of the central focuses of this discussion is how variations in the
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Figure 4.2: Response of an FJC chain potential energy interacting with an LJ potential.
The persistence and contour lengths are 1.5 nm and 90 nm respectively.

nanoscale detail of the system would affect the response on a larger scale. These

variations may be due to a number of different factors, such as differences in molec-

ular structure, details of how polymers come into contact with the substrate, and

differences in how they respond to chemical signals in the cell’s micro-environment.

The variations in response are manifest in a number of characteristic features of

single-molecule force-distance trace such as the jump-into-contact event, extent

of hysteresis and the length and energies associated with the cut-off event in the

retraction curve.

In principle, these features can all be linked to or explained in terms of the

properties of the nanoscale energy balance, particularly the relative magnitudes

of the bond energy and chain elasticity. Very stiff chains (small ε to kp ratios)

do not extent when they interact with the bond, and generate interactions with

essentially the same features and length-scale as the small-scale bond itself. More

elastic chains extend further into the extracellular environment before snapping
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off and lead to interactions with larger characteristic length scales. Following this

line of argument, we can expect a transition from stiff to elastic behavior beyond

a certain ratio of the parameters ε, σ, and kp, and thus an onset for approaching

multi-scale behavior.

4.2 Polymer Brush Force-Distance Trace

How a superposition of nanoscale responses (eq-3.11) behaves depends on the ho-

mogeneity of the brush in terms of the parameters that characterize individual ad-

hesion events. Consider the perfectly homogeneous system illustrated in Fig.4.3A.

The mechanical response of a homogeneous brush is an amplified replica of the

single-molecule responses it aggregates. The direct consequence is that we can

simply express the adhesion force as:

Fadh(ξ) = NpFp(ξ) (4.1)

Note that the only additional piece of information needed to upscale the nanoscale

force is the number of chains involved in the interaction. Also, since Fadh is con-

structed as a linear superposition, it scales linearly with Np. The jump-into-contact

event is evident in this case due to the absence of repulsive interactions, and the

detachment occurs simultaneously for all chains at a well-defined separation.

The results are very different for brushes that exhibit one or several forms of

heterogeneities. Fig.4.3B illustrates the results for an analog of the homogeneous

system with chain length variations. An immediate consequence of length hetero-
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Figure 4.3: Force-distance profiles for homogeneous (A) and heterogeneous (B) brushes
of Np = 10 polymers with identical average lengths of 20 nm. The heterogeneous brush
is made up of randomly distributed chains with a standard deviation of ∼3 nm. The
”macroscale” force-distance curves are strongly affected by heterogeneity. As evident in
B, multiple rupture events form due to the introduction of length heterogeneities. The
’snap-on’ event seen in A (marked by the arrow) essentially disappears in B due to the
repulsive forces from longer chains on smaller separations.

geneities in the brush is that the nanoscale interactions no longer make and break

synchronously. A plot of the number of bonds formed versus overall separation

(ξ) starts to deviate from the step-function profile of a homogeneous brush toward

smoother transitions. A well-defined collective jump-into-contact event does not

form in this case since repulsive contributions from chains in compression can mask

the attractive forces. As a result, the appearance of the approach curve might im-

ply an overall repulsive interaction despite nanoscale adhesive events being formed.

The retraction curves for heterogeneous brushes are characteristically different

from the homogeneous case. The impact of brush structure, i.e. the distinct sta-

tistical distributions of parameter values, on the interaction are far more evident.

A single distinct detachment event no longer exists. Instead, multiple detach-
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ment events occur over relatively large length scales. When clusters of identical

chains are present, attractive forces can accumulate and form local adhesion events

(Fig.4.4). The existence of these distinct local adhesive clusters in the retraction

curve is directly linked to the chain length distribution and the elasticity of the

members of each cluster. Moreover the formation of a local adhesive event is

contingent upon whether or not it survives canceling out by competing repulsive

contributions from compressed clusters.

The properties of the nanoscale response are also detrimental in shaping the

relationship between brush structure and the features of the retraction curve. For

example, the isotropy of the linear force-law leads to more repulsive interactions

on approach. When the length heterogeneities are significantly larger than the

length scale of the small-scale bond, this isotropy leads to competition between

repulsive forces from longer chains and attractive contributions from shorter ones.

The two competing contributions can eventually cancel each other out and lead

to a non-adhesive interaction. The FJC force-law generates significantly smaller

repulsive forces due to the anisotropic form of the FJC potential energy function.

As a result, FJC brushes are in principle more flexible in accommodating length

heterogeneities while maintaining an overall adhesive interaction.

It is important to note here that the results for heterogeneous brushes are

consistent with our expected decrease in adhesiveness with increasing roughness

[32]. In all the cases studied, the heterogeneous systems generate smaller adhesion

forces compared with their homogeneous analogs (Fig.4.3). A spreading out of the

chain length distribution leads to larger interaction lengths and smaller interaction
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Figure 4.4: Sample force-distance simulations for heterogeneous brushes of Np = 100
randomly generated Hookean chains (A and C), and their corresponding length his-
tograms (B and D). The effects of different chain length distributions on the shape of
force-curves are evident. Chain spring constants are set to vary with length according to
the linear law kp = −0.00025Leq +0.005 (dashed lines in B and D). The close correlation
between length distributions, and the adhesion peaks and rupture events in the force
curves illustrates how the structure of heterogeneities influences the shape of the overall
interaction
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strengths. An interesting implications is when force measurements are interpreted

using one of the variants of the polymer brush theories (e.g. de Gennes’ model),

they implicitly correspond with the most adhesive instance of the brush (i.e. per-

fectly homogeneous). Interpretations of this sort are commonly used to estimate

the equilibrium length and grafting density of LPS brushes on gram-negative bac-

teria (e.g. [43]).

The amount of information needed to resolve a heterogeneous interaction is

directly related to the probability distribution function that maps the interaction

according to eq-3.11. This particular formulation represents a case where no prior

assumptions have been made about the structure of the brush, other than those

related to the free energies that construct the nanoscale problem. Limiting cases

can easily be elicited from eq-3.11; for example a homogeneous brush corresponds

to a case where Nc and pj are equal to 1, or an equivalent of the London force can

be constructed by setting ε/kp → 0.

4.3 Sub-Microscale Interactions

An analogy can be drawn between the general form of polymer brush models due

to de Gennes [18] and Alexander [4] and equations 4.1 and 3.11. A more commonly

implemented approximation to these models has been developed by Butt et al [15]

for systems where only one surface is covered with polymers:
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F (h) ∼ R︸︷︷︸
geometry

Γ
3
2︸︷︷︸

grafting
density︸ ︷︷ ︸

# of chains

kBT︸︷︷︸
interaction
energy

exp(−2πh/L)︸ ︷︷ ︸
spatial
mapping

(4.2)

Eq-4.2 is a non-linear superposition of individual contributions. It scales non-

linearly with grafting density and employs an explicit form for the force-distance

profile of a single chain. The original expression for the spatial mapping of interac-

tion energies follows from scaling arguments about free energy. Hence, the mother

equation to Eq-4.2 is a potential energy function that describes the behavior of a

single entropic spring in a brush.

Eq-3.11 can be divided into its constituents in a similar fashion:

Fadh(ξ) = Np︸︷︷︸
#
of

chains

Nc∑
j=1

pjF
∗
c,j(ξ)︸ ︷︷ ︸

weighted
spatial mapping

(4.3)

A is the contact area (i.e. instrument’s window of measurement). By con-

trast, the weighted spatial mapping of forces in Eq-4.3 follows from the equilib-

rium free energy problem defined for a two-component system that corresponds

to the chain/bond complex, and F ∗
c,j can be a hysteretic profile and therefore not

a function. In other words, the individual contributions that make up Fadh are

single adhesion events as opposed to single polymers in Eq-4.2. Alternatively, we

can treat F ∗
c,j as a measurable quantity, that is the experimentally resolved energy

landscape of a bond complex.

Both models describe interactions due a finite number of chains. What sets
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eq-4.3 apart, is its flexibility in incorporating multiple physical processes, namely

a simultaneous attraction due to jump-into-contact events and repulsive due to

steric (compressive) forces on approach, and elastic deformation of surface elements

and attractive discrete bond networks on retraction. Normally these effects are

separately accounted for by a steric and Lifshitz-VDW contributions on approach,

and a mix of polymer elasticity models and statistical methods on retraction.

The word sub-microscale here emphasizes the finite number of contributing

elements involved in shaping the interaction. This can be due either to a small

measurement window or the existence of a finite number of highly interactive

surface biomolecules on the cell surface. This method of treating discrete cumula-

tive interactions has potential utility in interpreting force measurements on a cell

surface, where measurement windows are usually small and numerous factors on

different scales are involved in shaping the observed force-distance profile. It also

provides enough flexibility for studying how non-asymptotic-type contributions can

influence the length-scale and strength of the overall interaction.

4.4 Hysteresis on Different Scales

The degree of reversibility of cell-solid interactions is an important measure in

interpreting larger scale behavior such as transport through a porous medium. The

extent of hysteresis in force-distance profiles for cell surfaces is directly indicative of

this reversibility since it quantifies the energy/work required to detach the cell from

the substrate. The demonstrated multi-scale nature of the interaction suggests that
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hysteresis is also a multi-scalar property of the system and is affected by different

features at different scales.

The hysteresis in single-molecule force-distance profiles is a measure of the

elasticity of the interaction. The elasticity of interaction can be traced back both

to the molecular structure of the chain, and the important role of the solvent.

Milner [38] offers a simple argument based on free energy considerations for how

swelling by solvent can considerably alter the elasticity of chains in a brush. This

hysteresis due to elastic interactions also serves as a lower limit since no energy

dissipation occurs.

On a larger scale, when multiple chains are considered, hysteresis is equally

influenced by the statistical properties of the set of the chains. As demonstrated,

a homogeneous brush generates a perfect upscaling of the small-scale hysteresis,

while increasingly heterogeneous brushes spend increasing amounts of energy on

internal compensations of competing compressions and extensions.

4.5 How Heterogeneity Can Lead to Uncertainty

It has been suggested that bacterial adhesion can often behave stochastically [17].

Stochasticity would imply that regardless of how accurate the representative po-

tential energy function of the interaction is, a deterministic prediction of whether

a cell would adhere or not is not possible. Here we discuss how heterogeneity can

contribute to uncertainties in predictions.

As discussed, the only piece of information needed to resolve the behavior of
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the homogeneous brush at a larger scale is contact area. So, in principle, all

that needs to be resolved in this case is the nanoscale problem, beyond which the

brush behaves very consistently. In contrast, for a patchy brush, the behavior is

highly variable as we increase the contact area, until a certain point where the

measurement window becomes large enough relative to the characteristic length of

the patches.

Spatial variations in cell surface properties can lengthen the scale hierarchy

of the interaction. Representative behavior emerges only when the measurement

window is large enough to resolve the small-scale heterogeneities. The force spec-

tra generated using AFM demonstrate this point very clearly. The AFM tip, a

constrained measurement window, only partially captures the heterogeneities of

the surface. As a result, multiple measurements need to be made.

How many levels of upscaling is required to reach a representative behavior

depends on the structure of heterogeneities. However, in the case of bacteria, the

size of the cell acts as a natural upper constraint. So, at least in principle, we

can envision scenarios where no such representative scale exists, forming the basis

for variability in adhesiveness on the community level. The measurement window

itself can also be spatially or temporally variable, for example when the substrate

is rough or chemically patchy, or in turbulent flow.
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4.6 The Surface Complexity Spectrum

Following the argument in the previous section, pj plays a central role in deter-

mining the adhesiveness of a cell on a range of scales. As discussed in chapter

1, there is a great surface structural diversity within bacteria alone. However,

the argument is equally applicable to other organisms with more intricate specific

surface mechanisms. In this sense, the examples given in this work are the tip of

the iceberg in terms of the type of scenarios that could take place in the natural

world. However, the general framework remains valid, especially with increasing

information on the energy landscapes of specific bond complexes.

4.7 The Multi-scale Picture

Non-homogeneity is a characteristic feature of bacteria with direct implications

for survival. In this sense, heterogeneity is an umbrella term that can be applied

to multiple spatial scales. Among community-level examples are charge hetero-

geneities in sub-populations that have been shown to form over time in initially

anexic cultures, leading to advantageous adhesion and biofilm formation [58]. On

a much smaller scale, heterogeneities in hydrophobicity, elasticity and electrostatic

signature have been probed within nanometer-scale resolutions (e.g. Dorobantu

et al.). Heterogeneity is regarded as a promoter of robustness in pathogenicity,

providing bacterial cells with a broader repertoire of communication and disguise

tools [57]. This robustness manifests on a variety of spatial scales and expresses

itself on the community and culture level as well, but can be traced back to a
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distinct distribution of building blocks on the cell surface regulated by a handful

of genes and networks.

The ability of a cell to regulate and exploit the expression of the various build-

ing blocks of the OM lends the cell extensive degrees of freedom in coping with a

constantly changing and potentially hostile extracellular environment. Naturally,

the interactions of cells with surfaces and their adhesiveness are affected by both

the occurrence of surface biomolecules and the details of their expression. Un-

derstanding how these surface structures affect the forces involved in adhesion is

particularly important in a variety of contexts as these effects can be translated

upward in the scale hierarchy and influence higher-level behavior such as virulence,

biofilm formation [40], transport through porous filters [62, 1], etc.

Finding clear quantitative and qualitative links between measurements and pre-

dictions made at different spatial scales is an important research question. The

framework adopted in the present study is a first attempt at reconciling the dif-

ferent characteristic features of the force-curves within the conceptual bounds of a

single model. The simple interpretation of the contact process can generate both

the approach and the retraction curves, and provide the means for physically sound

and non-ambiguous upscaling of nanoscale structural information into a potential

energy function that describes the overall interaction.
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Chapter 5 – Concluding Remarks and Future Work

A framework was presented for multiscale analysis of the initial interactions be-

tween cell surface polymers and solid substrates. The method is based on acknowl-

edging the existence of different characteristic length scales in shaping the inter-

action. In constructing the interaction, the model incorporates information about

the variation of polymer properties on the surface, by accumulating single-chain re-

sponses using a weighing function that represents the structure of heterogeneities.

We raise the possibility that this particular group of generative interactions that

are closely shaped by surface structure can lead to diverse behavior among different

species or within a single community of cells.
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APPENDICES
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A MATLAB implementation of the solver for the local equilibrium condition is

outlined here. This particular instance of the code resolves a single freely-jointed

chain interacting with a Lennard-Jones potential function. With slight modifica-

tions, the same code can resolve the behavior of a brush, and generate force-curves

for other combinations of force laws.
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