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Abstract

The adhesive behaviour of extracellular polymeric substances to poly(ethylene tereph-

thalate), a model hydrophobic surface, were measured in response to their degra-

dation by enzymes known for their bio�lm dispersion potential. By examining the

physical changes in the nature of the binding, structural or adhesive roles could

be established for the targets of the enzymes. Degradation of extracellular DNA

(eDNA) signi�cantly decreased the adhesive force ofMicrococcus luteusbio�lms

with the surface, and furthermore almost completely eliminated any components

of the bio�lm maintaining the adhesion. This established a key structural role for

eDNA.

Due to the signi�cant results observed by the targeting of eDNA, a highly potent

novel DNase was investigated to understand its mechanism of action. This would

allow further optimisation of the enzyme to maximise its e�ciency against a ma-

jor structural component of bacterial bio�lms. Rapid data collection and computer

software was used to construct and validate a model of the enzyme activity. This

resulted in real world conditions that must be met to maximise the activity of the

enzyme, as well as providing direction for additional engineering of the enzyme's

behaviour.

The tools and procedures developed during the study of the model bacterium,

Micrococcus luteus, were used to study the adhesive properties of two pathogens,

Leishmania mexicanaand Staphylococcus aureus(S. aureus). Improving under-

standing of the adhesive mechanisms used by these pathogens allows for the devel-

opment of new treatments against them. Custom MATLAB scripts enabled new

data analysis of the interaction betweenLeishmania parasites and galactose-coated

AFM tips. This helped elucidate the binding changes used by the parasite as it

matures and becomes infectious. Bio�lm cantilevers were modi�ed to examine a

potential skin treatment that has the potential to decrease the adhesion ofS. au-

reus to epithelial cells. A decrease in peak adhesion of 52 % was observed by force

experiments between a bio�lm-coated cantilever and treated human epithelial cells.
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Chapter 1

Introduction

This project began with the aim of increasing the understanding of how bacteria

adhere to textile substrates and how industrially available enzymes might disrupt

these communities. Micrococcus luteuswas chosen as the model bacterium and

poly(ethylene terephthalate) as the model substrate. By investigating the changes

in adhesion of bacteria before and after exposure to di�erent enzymes, the roles of

the substances targeted by the enzymatic treatment could be determined.

This introductory chapter begins by explaining how and why bacteria establish

bio�lm communities and the methods available to study them, with a focus on

atomic force microscopy (AFM). A brief review of how AFM cantilevers have been

functionalised with biological material follows, as well as the interest of industry and

medicine in studying and disrupting bacterial and pathogenic adhesion.

1.1 Micrococcus luteus

Micrococcus luteus(M. luteus) is a Gram positive, nonmotile bacteria, commonly

used as a model organism1 by virtue of its sensitivity to enzymes,2 ability to utilize

a number of carbon sources,3 ability to resuscitate from dormancy,4 potential role

in bioremediation,5 and its known preferential attachment to hydrophobic surfaces

such as poly(ethylene terephthalate) (PET).6
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Figure 1.1: Micrococcus luteusimaged using a scanning electron micrograph (SEM).
Image courtesy of Janice Carr, United States Centers for Disease Control and Pre-
vention.

It was �rst identi�ed as Micrococcus lysodeikticusby Alexander Fleming in 1922,2

before his discovery of penicillin. The American Type Culture Collection (ATCC)

reclassi�ed the bacteria asM. luteus in 1968.7 M. luteus is commonly found across

mammalian skin, as well as in soil, dust and water.6,8,9 Although mainly considered

to be safe bacteria to work with, there are reports ofM. luteus displaying pathogenic

behaviour in immunocompromised humans and farmed �sh stocks.8,9

The bacterium is held largely responsible for malodour on the body and cloth-

ing, due to its ability to fully catabolise saturated, monounsaturated and methyl-

branched fatty acids.6,10,11

Table 1.1: Taxonomy ofMicrococcus

Taxonomy of Micrococcus

Kingdom Bacteria
Phylum Actinobacteria
Order Actinomycetales
Family Micrococcaceae
Genus Micrococcus
Species M. luteus
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INTRODUCTION 1.2. BIOFILM FORMATION

1.2 Bio�lm formation

For a large part of the history of microbiology, microbes were believed to live freely

from each other in a planktonic form. It is now accepted that the majority of bac-

teria live in complex communities called bio�lms, adhering either to interfaces or

themselves.12 Attaching to a surface stimulates bacterial growth as organic mate-

rial suspended in liquid settles and is deposited on the surface, increasing the local

concentration of nutrients available.13 Once the bacteria have begun to colonise a

surface, they will begin to build a matrix around the population that serves a vari-

ety of functions including antibiotic resistance14, structural rigidity and protection

from the external environment such as mechanical damage and shear caused by 
uid


ow. 15 As well as a physical barrier, the matrix also holds dormant persister cells

and highly resistant small colony variants which feature up regulation of several an-

tibiotic resistance genes.13 To develop new strategies to combat bio�lms, an in-depth

knowledge of what contributes to the matrix is required.15 The extracellular poly-

meric substances (EPS) consist of a complex mixture of polysaccharides, proteins,

DNA and other less signi�cant compounds. This has seen a rise in research of dis-

persal methods that use enzymes that can disrupt these components of the bio�lm.

This can then be followed up with an alternative methods, such as an antibiotic

treatment or mechanical action, to eradicate a bio�lm.16

1.2.1 The bio�lm cycle

The formation of a bio�lm at an interface begins with the deposition of a condition-

ing �lm. This �lm is comprised of organic material (eg proteins, polysaccharides,

nutrients) that di�use towards the substrate, from the solution it has been placed

in. This �lm alters the physiochemical properties of the surface and can aid the

adhesion of the colonising bacteria.17{19

Bacteria then begin approaching the surface either via Brownian motion or active

movement towards the higher nutrient concentration found at a surface. The initial
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Figure 1.2: Diagrammatic representation of a typical bio�lm cycle, which comprises
distinct stages. 1) Initial reversible attachment of planktonic bacteria to a surface.
2) Permanent adhesion followed by growth and division. Production of 
agella,
deactivation of pili. 3) Production of extracellular polymeric substances (EPS).
4) Bio�lm maturation and three-dimensional structure developing. 5) Dispersal of
planktonic bacteria to colonise new environments. Figure based on those by Hall-
Stoodley14 and Sadekuzzaman17.

reversible adhesion towards the surface takes place through weak interactions, such

as van der Waals forces.20,21 Cells may detach from the substrate at this point and

return to a planktonic regime.22 Irreversible attachment follows as the microbe gets

closer to the surface. This stronger adhesion takes place via hydrophobic/hydrophilic

interactions and attachment structures such as 
agella, lipo-polysaccharides and pili

help to overcome electrostatic repulsions.20,21,23 The initial attachment is explored in

more detail in Section 1.3. From this point enzymes, detergents or heat are required

to remove the bio�lm from the surface.24

Once the bacteria have become physically adsorbed onto the surface the produc-

tion of the EPS, composed of proteins, polysaccharides and extracellular deoxyri-

bonucleic acid (eDNA) can begin.25,26 With the protective EPS in place the bio�lm

can mature to a structure that contains water channels to distribute nutrients and

signalling molecules.14,18 Cells can detach from the bio�lm and disperse to new areas

to propagate the population. This can be due to external factors such as an increase

in 
uid shear, or be due to internal enzymatic degradation.24

4



INTRODUCTION 1.2. BIOFILM FORMATION

1.2.2 Extracellular Polymeric Substances

The abbreviation EPS is commonly used to refer to extracellular polymeric sub-

stances, but originally it stood for extracellular polysaccharides. The role that other

polymers play in the EPS, such as proteins, lipids and DNA are now well respected.27

The production of EPS has been observed in both prokaryotic (bacteria, archaea)

and eukaryotic (algae, fungi) microorganisms. Polysaccharides, proteins, lipids and

nucleic acids have all been catalogued as components of bacterial EPS. The matrix

they form facilitates the retention of enzymes, cellular debris and genetic material,

leading to the the extracellular matrix being described as, `a microbial recycling

yard'. 28

The components that make up an extracellular matrix vary from microbe to

microbe, with the circumstances that the bio�lm forms in also a�ecting the com-

position. Bio�lm matrices, even those produced by an identical organism, will vary

greatly in their composition and physical properties due to the local conditions in

which they grow.29,30 Despite only contributing a small amount to the total mass

of a bio�lm (which can be up to 97% water31) the EPS compromise 50-90% of the

organic mass of a bio�lm.28 Di�erent enzymes are involved in the self-degradation of

the EPS, with hydrolases, lyases, glycosidases, esterases and others all being abun-

dant in bio�lms as extracellular proteins.29,32,33 These enzymes serve to release cells

from the community and possibly provide low-molecular weight products as carbon

and energy sources for metabolism by the resident bacteria. The breakdown also

releases cells that allows for colonisation of new sites.29,34

It has been demonstrated that the bio�lm matrix allows an organism to adhere to

hydrophobic and hydrophilic surfaces by means of di�erent EPS components.28,35 In

adhering to surfaces, three major kinds of forces can be distinguished: electrostatic,

hydrogen bonding and London dispersion forces.36,37
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1.3 Physical aspects of bacterial adhesion

As microorganisms are a few microns across in size and interactions between hy-

drophobic and hydrophilic molecules or surfaces occur in biological systems, the

theories that are used in physics to describe colloids have been used to understand

the movement and adhesion of bacteria to surfaces.38

Deposition of colloidal bacteria is governed by Brownian motion (BM) and hy-

drodynamic forces, while the adhesion to a surface depends on Liftshitz-van der

Waals (LvdW), electrostatic double layer (EDL), acid-base (AB) and hydrophobic

interactions.39

Liftshitz-van der Waals forces are made up of three di�erent interactions: (1)

Keesom forces, the electrostatic interaction between permanent dipoles, (2) Debye

forces, the interaction between a permanent and an induced dipole and (3) London

dispersion forces, where electronic 
uctuations cause interactions between induced

dipoles. Despite these forces decaying quickly with increased distance between the

two molecules due to ther � 6 component of their equations, they are considered long

range interactions as they take place over tens of nanometres.40

In papers published in 1939, Levine and Dube developed a theory for the inter-

action between two hydrophobic colloidal particles, building upon the Debye-H•uckel

theory, which describes the charge distribution in ionic solutions.41,42 They sug-

gested a strong medium-range repulsive force and a weaker long range attractive

force between charged colloidal particles. Levine and Dube's theory did not provide

an explanation for the instability of colloidal dispersions through irreversible aggre-

gation in high ionic strength solutions.

In 1941, Derjaguin and Landau developed a theory that accounted for the in-

stability, due to a strong but short-ranged van der Waals attractive component.43
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Verwey and Overbeek independently arrived at the same conclusions seven years

later. In a letter to the editor of the Journal of Colloid Science, they attribute the

parallel but delayed work being due to being cut o� from Allied information dur-

ing the war by German occupation.44 Due to this joint but separate discovery, the

theory became known as DLVO theory after the �rst letters of their surnames.45

Marshall, Stout and Mitchell �rst applied DLVO theory to the adhesion of bacteria

to surfaces in 1971, extending DLVO theory beyond just colloidal particles. Caution

must be used when simplifying aggregating bacteria to colloidal particles as they

have changing biological appendages and physiochemical properties.46

Classical DLVO theory explains the total interaction between the two surfaces

(here a cell and a substrate) (�E total ) as a balance between the attractive van der

Waals forces (� EvdW ) and the repulsive electrical double layer (�EEDL ):

� E total = � EvdW � � EEDL ; (1.1)

where � EvdW can be given as47:

� EvdW = �
Ar
6d

; (1.2)

whereA is the Hamaker constant,r is the radius of the cell andd is the separation

between the cell and the substrate.

A charged surface in an ionic solution will cause counter-ions to accumulate close

to the surface. The region immediately surrounding the charged surface is called

the Stern layer, where counter-ions are strongly bound. Beyond this Stern layer is

a more di�use layer of counter ions which are less �rmly associated to the initial

surface. As the distance from the charged surface increases the charge decreases

asymptotically until the local ionic balance of the bulk liquid is achieved. When

two objects with a double layer come into close contact, they repel each other.

The interaction between the double layers can be expressed in terms of the surface
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potential 	 , the distance between the surfacesd and the Debye length� � 1, which

is the thickness of the double layer and is proportional to the reciprocal of the ionic

strength of the solution48,49:

� EEDL / 	 2e� �d (1.3)

The more the ionic strength increases, the more the charged surface is shielded,

which results in a thinner double layer and smaller Debye length. As a consequence

of this, a higher ionic strength medium allows cells to approach the surface close

enough so that the attractive van der Waals forces overcome the repulsive electro-

statics.

Figure 1.3: DLVO energy pro�le, showing the net interaction between the attractive
van der Waals forces and the repulsive double-layer interaction.

Figure 1.3 shows the energy pro�le when the attractive van der Waals forces and

repulsive electrostatic double layer interactions are combined. The potential energy

minimum at contact is the primary minimum and represents irreversible adhesion.

The energy barrier to reach this minimum may be too high, which would keep par-

8
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ticles attached reversibly at the secondary energy minimum. If this minimum is too

shallow, the particles will remain in suspension.

Although DLVO theory helped to explain some features of adhesion, it was recog-

nised that other forces also in
uenced these interactions. Polar acid-base interactions

include an attractive hydrophobic interaction and a repulsive hydration pressure.

These forces can be two orders of magnitude larger than both Liftshitz-van der

Waals and electrostatic interactions. Van Oss proposed extending the DLVO theory

by adding in terms to account for the contributions of acid-base interactions (AB)

and Brownian motion (BM), 50 which became known as the Extended DLVO theory

(xDLVO). These new contributions altered Equation 1.1 to become:

� E total = � EvdW � � EEDL + � EAB + � EBM (1.4)

1.3.1 xDLVO forces and bacterial adhesion

The extracellular polymers and surface appendages of bacteria can help them over-

come the energy barriers described by xDLVO theory. These surface bound polymers

can have a high a�nity for a surface and anchor the cell across the energy barrier.

The chemistry of the polymer chains can also change the hydrophobicity or speci�c

interactions that the cell can experience when close to the surface.

Abu-Lail et al. explored the relationship between the extracellular polymers of

bacteria and their adhesion using AFM.40 By adding 100 mM of ethylenediaminete-

traacetic acid (EDTA) to E. coli, approximately 80% of lipopolysaccharides (LPS)

can be removed. The adhesion ofE. coli with and without the LPS removed was

then tested against glass slides. The bacteria with reduced LPS had signi�cantly

reduced adhesion forces compared to bacteria with intact LPS. It was suggested the

LPS forms hydrogen bonds that enable theE. coli to overcome the energy barriers.

Ong et al. showed that mutant E. coli strains with truncated LPS chains can

9
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cause increased or decreased adhesion depending on the properties of the surface.

This is due to the polymers altering the surface charge and hydrophobicity of the

cell surface.51 As well as the positive contributions these polymers make to bacterial

adhesion, both of these studies also highlight the steric repulsion that surface bound

polymers can contribute to the energy pro�le of adhesion.

While the principles of xDLVO theory are able to describe the initial adhesion

of bacteria, the deviation from being colloidal spheres need to be considered when

studying real world adhesion of bacteria. The living nature of the cells can have an

appreciable impact on the model.46,51,52

1.4 Optical methods to measure bacterial

adhesion

Figure 1.4: Crystal violet staining of various bacterial isolates. Image courtesy of
Dr Muntasir Alam.

The study of bacterial adhesion and how it responds to variables such as enzymes

and other dispersal agents has historically been conducted using optical methods.

Methods usually involve developing a bio�lm in the wells of a 96-well plate and stain-

ing with a dye that binds to di�erent parts of a bio�lm or cell. Di�erent wells are

then exposed to di�erent treatments (enzymes, nutrients, toxins etc) and the amount
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of dye lost compared to the controls is correlated to the amount of bio�lm dispersed.

A popular dye for bacterial study is crystal violet, which has been used since its

discovery in the 1880s.53 It is well known to microbiologists as the dye used in the

Gram staining method that can distinguish between bacteria of Gram-positive and

Gram-negative type. Crystal violet has a maximum absorbance at 590 nm under

usual usage conditions, but can become green or yellow at extreme pH values. In

solution, crystal violet dissociates from its chloride ion and has a positive charge.

These ions are able to penetrate the cell walls of bacteria and interact with the

negatively charged parts of bacterial cells, staining them purple. Cells are usually

�xed with an application of methanol or ethanol before being incubated in the stain

solution. Unbound dye is removed by washing the samples with water and then

leaving them to dry. Finally, 33% glacial acetic acid is used to draw the dye back

into solution so it can be measured using a plate reader.54{56

(a) (b)

Figure 1.5: (a) Nucleus of endothelial cells stained blue by DAPI. Image in the
public domain. (b) chemical structure of DAPI

Another commonly used dye for bacterial adhesion assays is 4',6-diamidino-2-

phenylindole (DAPI), which intercalates to adenine-thymine rich areas of a DNA

strand. This dye has a blue emission maximum at 461 nm and excitation maximum

of 358 nm when bound to DNA. It therefore requires ultra-violet (UV) excitation to

be imaged. The staining method for DAPI is very similar to crystal violet, involving

11
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�xation of the samples before incubation with the dye. Bound DAPI is resolubilised

with 95% ethanol before readings are measured.57

Figure 1.6: LIVE/DEAD image. Green cells are living and have been stained by
SYTO 9, red cells are compromised and stained by PI. Yellow emission indicates an
overlap of both live and dead cells.

Both crystal violet and DAPI require �xation of bacteria and therefore do not

distinguish between live and dead bacteria. There are combinations of dyes that are

able to achieve this di�erence, with a common pairing being propidium iodide (PI)

and SYTO 9. The PI stain also binds to DNA, but has no sequence preference. It

is unable to penetrate the membrane of cells so can only bind to extracellular DNA

or compromised cells which have ruptured their membrane. The stain has an exci-

tation maximum of 571 nm and has an emission maximum of 638 nm (red). SYTO

9 dye marks both live and dead cells as it is able to cross the membrane. It has an

excitation maximum of 497 nm and an emission maximum of 543 nm (green). If

both dyes are present, PI reduces the 
uorescence of SYTO 9, further aiding in the

categorisation of bacteria as live or compromised.58,59

Traditionally, spectrophotometry or two-dimensional 
uorescence microscopy was

used to quantify the changes made to bio�lms using various treatments. The ad-

vent of the confocal laser scanning microscope (CLSM) allows these same assays to

provide even more information about changes to the bio�lms. The CLSM is able to

12
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block out of focus light from being collected, allowing it to capture two-dimensional

images at di�erent heights through a sample. These collection of images are known

as Z-stacks and can be reconstructed into a three-dimensional structure.60,61

Fluorescence imaging and binding assays are widely used and give important in-

formation about the location and amount of di�erent components in a bio�lm.58,61,62

These types of experiment have suggested roles for the di�erent components based

on the morphology of the structures that they form. However, to assess a demon-

strable role for these molecules, it is necessary to interact with the bio�lm in a

di�erent manner. Force spectroscopy can give detailed information of the changes

that bio�lms undergo when exposed to the same chemicals and enzymes as in the


uorescence and binding assays and can complement the �ndings discovered using

those techniques.

1.5 Scanning force microscopy

In 1986, Gerd Binnig, Calvin Quate and Christoph Gerber introduced the atomic

force microscope (AFM) in a paper,63 building upon the scanning tunnelling mi-

croscopy that Binning and Heinrich Rohrer had developed years before.

1.5.1 Introduction

They explained how the AFM uses a sharp tip at the end of a 
exible cantilever to

probe the surface topography and many other properties of a sample at nanometre

scale. The movement of the cantilever as it rasters across the surface is detected by

a laser source re
ecting o� the back of the cantilever and onto a photodiode. This

translates the change in laser position to data on the topography of the surface, or

how a cantilever responds during a force measurement.63 It improved on the design

of the scanning tunnelling microscope by removing the need for the sample to be

electrically conductive. This allowed biological samples to be studied at resolutions

beyond the di�raction limit of visible light. 64
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Figure 1.7: Diagram of the core components of an AFM. A laser diode re
ects o�
the back o� the cantilever on an XYZ photodiode with the aid of a mirror.

Cantilevers obey Newtonian mechanics and Hooke's law, so that

F = � kd; (1.5)

whereF is the force applied to the spring,k is the spring constant of the cantilever

and d is the de
ection experienced by the spring.

The selection of the cantilever to be used for an AFM experiment is important.

Cantilever chips come with multiple arms of di�erent spring constant on them. The

spring constant to be used for a speci�c experiment must be carefully chosen in the

experiment design, to meet the sample needs. Soft and delicate biological samples

require a softer cantilever to prevent puncture damage or dislodging loosely bound

cells. Indentation or roughness studies of surfaces require cantilevers with higher

spring constants.

At the end of most cantilevers there is a sharp tip which sense the sample sur-
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Figure 1.8: Optical camera view of MLCT cantilevers mounted in an MFP-3D AFM,
alongside a schematic diagram of the cantilever arm layout. The top of the image
shows arm C, with the laser shining on arm D.

face and cause the cantilever to bend up or down in response to the interactions

it experiences. The laser re
ecting onto the back of the cantilever converts these

subtle cantilever movements into computer signals, via a four quadrant photodiode.

The photodiode produces a voltage depending on where the laser is falling onto the

quadrants. Vertical movements are produced by the topography or adhesion to the

the sample, whereas lateral displacements are caused by the cantilever twisting due

to frictional forces.63

Figure 1.9: Schematic diagram of the piezoelectric tube that manipulates the can-
tilever in three dimensions.
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The other major component of an AFM is the piezoelectric materials, which

allow the tip to be adjusted with sub-nanometre precision. The piezoelectric e�ect

is a linear phenomenon in which the mechanical displacement is proportional to

the applied voltage. Piezoelectrics in an AFM are either a tube or a stack. Fig.

1.9 shows a hollow polycrystalline lead zirconate titanate (PZT) tube which is split

into quadrants using silver plating. When voltage is applied to the electrodes, the

thickness of the PZT quadrant increases and as a consequence, the length of the

quadrant decreases. The high voltage electronics amplify the low level XYZ voltages

generated by the digital signal processor so that it can manipulate the piezoelectrics,

with voltages in the range of 100 V. The piezoelectrics rely on a potential di�erence

across the two phases of the tube to change the dimensions of the material, enabling

it to extend or retract and move in the X and Y axis. The tube can be extended

if the same voltage is applied to all four quadrants, allowing movement in the Z

direction. The sub-nanometre precision of piezoelectrics is crucial to the operation

of the AFM. 65

1.5.2 Feedback Loop

Figure 1.10: Contact mode feedback loop. With no feedback loop engaged, the
height of the cantilever is kept constant, with height data collected through the
cantilever de
ection. With the feedback loop engaged, the piezo moves to keep the
de
ection constant.

The feedback loop keeps a parameter constant at a set value during scanning.

Depending on which mode the AFM is being operated in, either the de
ection or

amplitude of the cantilever are kept constant by the feedback loop. Components
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of the AFM measure the z-piezo position and compare it against the user selected

set point. Any di�erence in these values is called the error signal. The feedback

loop changes the voltage applied to the z-piezo to reduce the error signal so that

the measured value returns to the set point. An ideal feedback loop would respond

instantly, but this is not achievable in reality.

There are two components of the feedback loop in modern AFMs, the integral and

proportional gains. These values a�ect how quickly the feedback loop responds to

the changes in cantilever de
ection. The proportional gain calculates the di�erence

between the measured de
ection and the desired value, the set point. This allows

reactions to surface changes directly under the tip. This gain is suited for control

on relatively 
at surfaces or at slow scan speeds. The integral gain calculates the

integral of the di�erence over time. This is much slower than the proportional gain

and allows correction on rough surfaces and at high scan speeds.

1.5.3 Modes of operation

The imaging modes of an AFM can be categorised into two types; static or dynamic.

The names refer to the oscillation of the cantilever tip during scanning, with the

tip oscillating in dynamic modes and not in static modes. The most popular static

mode of scanning is contact mode.

In this mode, the tip is in physical contact with the sample as it is moved across

the surface. If the feedback loop is active, a constant force is applied across the

surface as the z-piezo moves the tip vertically as it encounters features of di�erent

sizes. If the feedback loop is not active, higher parts of the sample experience higher

forces as the the applied force is proportional to the de
ection.

The most popular dynamic mode of scanning is tapping mode (also called AC

mode). In this mode, the tip is oscillated away from the surface near its resonant

frequency (f 0), with a given amplitude (A0). As the probe comes near the surface,
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the amplitude signal (A) is recorded. If the scan is being operated without a feed-

back loop active, tall features will dampen the oscillation and troughs will cause it

to increase. This change in the amplitude can be converted to a height pro�le of

the surface. If the feedback loop is engaged, the tip is moved by the z-piezo motor

to maintain the amplitude at a constant value. The height pro�le of the surface is

captured from the z-piezo movements.

Biological samples tend to use tapping mode to image due to the reduction in

vertical forces and the removal of any lateral forces, which can detach or damage

samples.

1.5.4 Cantilevers

Figure 1.11: Dimensions of rectangular and triangular cantilever arms. Based on a
�gure by Sharpe et al.65

The spring constant of cantilevers can be calculated if the dimensions and ma-

terials are know. For a rectangular cantilever, the spring constant,krect is:

krect =
Et 3

cw
4L3

; (1.6)

whereE is the Young's modulus of the cantilever material (1.5� 1011 N/m for Si 3N4),
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tc is the cantilever thickness,w is the width and L is the length, as depicted in Fig.

1.11

For a V shaped (triangular) cantilever, the equation for spring constant,kv is

kv = Et 3
c w

2L 3
1

cos� 1 + w3

2(L 1 tan � + w
cos � )3 � (3 cos� � 2) � 1

�
L 1

L 1 � d

� 3
; (1.7)

where� is the half angle andL1 is the length indicated in Fig. 1.11.65

The thermal 
uctuation method of calibration introduced by Hutter and Bech-

hoefer in 1993 has become a popular method for calibrating optical lever probes.66

A cantilever not subjected to a driving force experiences random thermal vibrations.

The Hamiltonian of a system like this is given by:

H =
p2

2m
+

1
2

m! 2
0q2; (1.8)

wherep is the momentum of the cantilever,m is its mass,! 0 is the resonant angular

frequency of the system andq is the displacement of the cantilever.

The mean average value of each quadratic term in the Hamiltonian is equal to

the half the thermal energy, given as:

�
1
2

m! 2
0q2

�
=

1
2

kB T; (1.9)

wherekB is Boltzmann's constant andT is the temperature.

Since! 2
0 = k=m, the spring constant can be calculated from the measurement of

the mean-square cantilever displacement, shown as:

k =
kB T
hq2i

(1.10)
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1.5.5 Force mode

The capability of the AFM to conduct force spectroscopy experiments is more im-

portant to this thesis than its ability to capture detailed images. The output of force

measurements is a force-distance curve, which represents the force on the cantilever

in relation to its distance from the sample.

Figure 1.12: Diagram of cantilever positions through a typical force-distance curve.
Blue line is approach, red line is retract. A) no interaction, away from surface B)
jump to contact C) trigger point D) adhesion to substrate overcome E) retraction
continues.

Force-distance curves are generally separated into two segments, the approach

towards the sample and then the retraction. Starting at (A) in Fig. 1.12, the can-

tilever is far enough away from the sample that there are no forces experienced. The

cantilever then begins its approach towards the sample. At (B), the interaction with

the sample begins. Depending on the surfaces and conditions, a jump-to-contact can
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be observed in some curves, depicted at point (C). The cantilever moves into the

repulsive regime at (D) until the trigger point is reached at (E). The movement of

the cantilever is then reversed and the data is shown on the retraction part of the

curve. If there are attractive forces present, the z-motor must overcome these as

shown at (E). Eventually all attractive forces will be overcome and the cantilever

will totally separate from the sample. The cantilever eventually returns to point

(A) and the approach and retract plots will overlap at a force of zero.

1.5.6 Functionalisation of cantilevers

Although the AFM is normally operated using cantilevers with sharp tips at the

end, more recent techniques involving tipless cantilevers have been developed, with

those of the bioprobe variety being of particular interest to this project.

1.5.7 Biological functionalisation

Figure 1.13: Schematic of a biotin coated glass bead on a cantilever approaching a
streptavidin-BBSA-mica substrate. Adapted from Fig. 5 of67.

A cantilever tip was �rst functionalised in 1994, where the interaction of biotin

and streptavidin was investigated, as it has one of the strongest non-covalent in-

teractions known.67,68 Glass spheres attached to cantilevers and mica surfaces were

functionalised with biotin and streptavidin using bovine serum albumin (BSA). BSA

spontaneously adsorbs to glass and mica surfaces and can covalently attach biotin
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groups to become biotinylated BSA (BBSA), using biotin-" -aminocaproic acidN -

hydroxysuccinimide ester. Streptavidin functionalised mica surfaces can also be

synthesised by incubating with BBSA-mica �lms. These functionalised surfaces

are schematically depicted in Fig. 1.13. Streptavidin-BBSA-mica surfaces can be

blocked with a short incubation in biotin to prevent the speci�c interaction with a

functionalised cantilever tip.

Lee et al. used these di�erent surfaces to demonstrate the ability of an AFM

to detect speci�c interactions. Biotin-streptavidin interactions were detected with

a force of 0.34� 0.12 nN. When the streptavidin surface was blocked with excess

biotin, no rupture forces were observed, with peak forces now only registering at

0.06 � 0.04 nN. There were many other biotin-protein reports following this initial

publication, with biotin-avidin interactions being explored in addition to strepta-

vidin. 69{71

Figure 1.14: Schematic of a biotin-avidin coated cantilever tip being further func-
tionalised by biotinylated antibodies. Adapted from Fig. 2 of72.

The ability to construct BBSA-protein complexes on a cantilever tip were used

to create a sca�old to attach other molecules to the cantilever tip. Biotinylated

antibodies can attach to a BBSA-avidin coated tip as shown in Fig. 1.14. This
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antibody functionalised tip can then investigate the speci�c interaction between the

antibody and its antigen. The speci�c interaction between antibody and antigen is

observed using this method, but the authors could not establish a single molecule

interaction so were unable to de�ne a value for the interaction.72

In 1996, Hinterdorferet al. further developed the functionalisation of cantilever

tips with antibodies by introducing an 8 nm long polyethylene glycol (PEG) 
exible

linker.73 The freedom of the antibody to correctly orientate and the close control of

ligand concentrations led to the expectation that only one antibody had access to

the antigen coated surface. With these adjustments, single antibody-antigen events

were successfully observed.

By 1997, the biological functionalisation of cantilever tips had progressed to in-

clude attaching cells. The �rst report of a cell being attached to a cantilever tip was

a singleSaccharomyces cerevisiaeyeast cell.74 The practice of attaching a single cell

to a cantilever for force measurements has become known as single cell force spec-

troscopy (SCFS). Cantilevers were also coated in lawns of cells, such asE. coli 75

and mammalian trophoblast-type cells.76

There are both positives and negatives of SCFS and coating cantilevers with

multiple cells. The main detractor of SCFS is the time consuming production of the

probe. Cells are allowed to settle on a substrate at an appropriate concentration so

that individual cells will not have neighbours closely settled nearby. A cantilever

coated in some form of adhesive is carefully positioned over a selected cell and

moved into contact with the cell. If the cell successfully binds to the cantilever, the

tip has been successfully converted to a cell probe. An alternative method favours

the addition of a colloidal bead between the tip and the bacterium. This involves

the additional steps of applying a small amount of glue to the cantilever tip and

attaching a colloidal bead. The method then continues as described previously. The

described advantage of the colloidal bead is an increase in the reproducibility of the
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