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Abstract

Antibiotic resistance is a rapidly emerging global health problem as year on year
more drugs are rendered ineffective and fewer new antibiotics developed to meet
the demand. This is exemplified by Vancomycin, the ‘antibiotic of last resort’
for decades, now facing growing resistance among bacteria. Interest around
modifying existing drugs to improve their antibiotic action and stabilise them
against resistance is raising the need for detailed understanding of the modes of
action of antibiotics.

Nanocantilevers provide a complementary method for exploring both the
binding process and the mechanical mode of action by which Vancomycin and
its derivatives weaken and destroy bacterial cell wall. When functionalised with
monolayers of peptides analogous to cell wall precursors the cantilevers measure
the build up of surface stresses in-plane, on a surface, representative of the
antibacterial interactions in-situ.

This thesis reports the first steps towards a comprehensive theoretical model
of stress induction on a nanocantilever, focusing on elucidating the chemical and
geometric nature of experimentally observed responses to Vancomycin.

The chemical origins of stress generation are explored within, using a mono-
layer of decanethiol as a model system and looking at contributions from both
adsorbate-adsorbate and adsorbate-substrate interactions. How those individual
molecular contributions combine across the cantilever to produce the eventual
deflection is investigated by varying the coverage of Vancomycin binding events

across an appropriately functionalised cantilever, using an interaction potential



extrapolated from molecular dynamics simulations and a lattice model devel-
oped in this thesis to return the corresponding stress and deflection. The elastic
response of the beam itself is also examined in some detail, as is the effect of
the operating medium on the cantilever’s action.

All findings provide the first steps to a truly representative, and quantita-
tively predictive, model of nanocantilever operation and insight into the tech-

nology’s unique merit in the race to discover a new generation of antibiotics.
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Chapter 1

Introduction

This thesis is predominantly interested in the theory surrounding the inter-
section at which a rapidly emerging health problem and a newly developed
technology meet. The problem is global, with terrifying consequences; that of
increasing antibiotic resistance and dwindling production of new drugs to fill
the gaps. The technology exploits the simple, mechanical mode of action of
nanocantilevers, but suffers from a lack of complete understanding as to how

signals are transduced.

1.1 Antibiotic resistance

As can be seen in the timeline in figure (1.1.1), showing the number of antibi-
otics approved by the US over the past few decades, the process of discovery,
development and release of new antibiotics that began in the 40s with Penicillin
is falling off rapidly. This is in part due to our having potentially reached the
end of naturally occurring antibiotic agents [1] and to pharmaceutical compa-
nies being unwilling to pour money and time into products that guarantee little
assurance of financial return, developed as they are to be administered in short
runs. Unfortunately this dearth of antimicrobial drugs comes alongside an in-

crease in resistance in bacteria, due to genetic mutation and sharing of genetic

15



material and no doubt exacerbated by the overuse and misuse of antibiotics [2].

Approved antibiotics &

1953 -19a7 1955-1992 19931997 1995 -3002 2003 -3007 4008 -3012

Year range

Figure 1.1.1: Showing the falloff in the number of new antibiotics licensed by
the US in the last three decades. Data from the Infectious Diseases Society of
America.

Attention within the industry has shifted to synthetic drugs; modifications
to existing antibiotics can produce newly effective derivatives [3]. As cost and
time are, as ever, of the essence, this is a process that must be approached as
efficiently as possible. Logical steps towards improving the antibiotic action and
stabilising systems against resistance come from detailed understanding of the

modes of action of antibiotics and the processes by which resistance occurs.

1.2 Vancomycin

Vancomycin is widely known as ‘the antibiotic of last resort’, used therapeuti-
cally against gram-positive bacteria such as Staphylococci that are frequently
responsible for post-surgical infection. It is often the last effective antibiotic as
all others are rendered ineffective by increasingly resistant strains of bacteria, as

epitomised by methicillin resistant staphylococcus aureus (MRSA), the hospital

16



‘superbug’.

Bacterial cells are distinguished from animal cells by the presence of a cell
wall. In gram-positive bacteria, which are the subset to which the work in this
thesis relates, the inner membrane holding the bacterial cytoplasm and all the
workings of the living cell is surrounded by a thick layer of peptidoglycan.

Peptidoglycan is predominantly made up of two sugars, N-acetyl glucosamine
and N-acetyl muramic acid, which are cross-linked for structure and stability
by amino acid bridging structures, mucopeptides, the make-up of which varies
between bacterial types. In the process of the cell wall being built, mucopeptide
precursors project from individual polysaccharide chains around the bacterium.
In the case of those bacteria that Vancomycin attacks, this mucopeptide pre-
cursor terminates in the amino acid sequence L-Lysine-D-Alanyl-D-Alanine [4].
The D- amino acids, not generally found within proteins in nature, help to pro-
tect the structure against degradation by proteases, and the cross-linking leads
to a framework that is both strong and rigid, to maintain the bacterium’s shape
and prevent it from rupturing due to internal osmotic pressure.

In the normal process of events the terminal sequence of L-Lys-D-Ala-D-
Ala of the precursor is recognised by a transpeptidase enzyme which cross-links
two adjacent sugars via removal of the final D-Ala [5]. But in the presence of
Vancomycin this operation is interrupted. Vancomycin, and other antibiotics in
its family, binds to the cell wall mucopeptide precursors; to that very sequence of
L-Lys-D-Ala-D-Ala that the transpeptidases recognise, competitively inhibiting
their action [6, 7).

All glycopeptide antibiotics consist of a backbone of seven amino acids, with
differing chemical groups attached to this central structure [5]. It is into this
backbone pocket that the end of the mucopeptide precursor is bound. The two
bind to each other due to a combination of hydrophobic interactions and the
formation of five hydrogen bonds along the mucopeptide, as can be seen in figure
(1.2.2) [6, 8, 9]. The hydrogen bonds on the terminal carboxylate group provide
most of the binding energy. The other two work to align the mucopeptide so

hydrophobic forces can properly come to bear on the complex, and to stabilise
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the structure against motion that would weaken the binding effect of the COOH
centred bonds [5].

However, Vancomycin’s effectiveness does not remain unchallenged. It has
lasted remarkably well, but due in part to overuse and misuse of antibiotics,
resistance is on the increase [11, 12, 13]. With nothing as effective poised to fill
Vancomycin’s shoes, the impact on public health could be enormous [14].

Bacterial resistance to Vancomycin can occur through the deletion of a sin-
gle hydrogen bond between the antibiotic and its binding site on the bacterial
cell-wall precursor, when the D-Ala-D-Ala terminating sequence is replaced by
D-Ala-D-Lac, as demonstrated in figure (1.2.1). The replacement of an ester
linkage from an amide lowers the binding affinity of the antibiotic to the pep-
tide terminating sequence by around 1000 [3] and leaves Vancomycin unable to

perform therapeutically, see figure (1.2.2).

..<
=<

— L snnnn

it ,-"’o“"-h

\

Figure 1.2.1: Showing how the substitution of an ester group for an amide
results in the removal of one of the hydrogen bonds between the Vancomycin
binding pocket and cell wall mucopeptide precursor. Figure adapted from [15]
with permission from Macmillan Publishers Ltd.

All this through a seemingly simple substitution which, in fact, is the result
of resistant bacteria, such as vancomycin resistant enterococci (VRE), having
obtained five different new pieces of genetic information from other bacteria,

leading to the expression of D-Lactate instead of D-Alanine at the very end of

18



the mucopeptide precursors [16, 17].

Figure 1.2.2: Showing the single hydrogen bond, the deletion of which renders
Vancomycin therapeutically ineffective. Figure adapted from [15] with permis-
sion from Macmillan Publishers Ltd.

While the alteration to the bacterial binding site renders Vancomycin in-
effectual, some Van derivatives have shown a remarkable effectiveness against
enterococci resistant to Vancomycin [3]. The binding pocket of the derivatives
does not vary from that of Vancomycin, but the chemical groups along their
backbones differ from molecule to molecule. Speculation in the literature [18, 19]
suggests that through a higher tendency towards dimerisation or an ability to
anchor themselves to the bacterial lipid membrane, derivatives such as Chloroer-
emomycin [20] and Oritavancin [21] are stabilised against the disruptive effect
of the deletion of that one binding pocket H-bond.

Oritavancin, synthetically modified from Chloroeremomycin through addi-
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tion of a new hydrophobic group onto the backbone, is more active than Van
by 50 times against VRE [22] and even, where resistance is not yet an issue,
by up to eight times against MRSA. But, in solution, they both show the same
low affinity for the resistant D-Ala-D-Lac terminating precursor [23]. It is on
a surface, as the exterior of a bacterium, that the modifications to Oritavancin
appear to make all the difference to its efficacy [21].

So, a sensing and measurement technology is required that can explore the
antibiotics’ action at a surface. If the solution phase binding constants don’t
directly reflect the drug’s activity in vivo, then information on valid dosage
amounts from minimum inhibitory concentrations and on their direct mode
of action, that may lead to new avenues of rational design for new synthetic
antibiotics, must come from a system that more closely replicates the reality of
the bacterial cell wall surface.

The possibilities that these discoveries suggest for the development of novel
antibiotics in an increasingly desperate market are driving research into this
class of antibiotics and into new technologies that can reliably and accurately

reflect their differences in antibiotic action.

1.3 Nanocantilevers

As a biosensing technology, nanocantilevers have been generating interest for
over a decade for their robustness, ease of manufacture and ability to operate
in real-time, providing their own experimental control. Now, interest is once
again piqued around their potential ability not only to characterise and quantify
different species of biomolecules, but also to probe the nature of those of their
reactions and interactions that have a mechanical basis.

This is exemplified in this report by the example of the gram-positive gly-
copeptide antibiotic Vancomycin. In 2008 Ndieyira et al [15] published their
findings for Vancomycin binding to both sensitive and resistant bacterial cell-
wall precursor analogues immobilised on a cantilever’s surface. They were able

to demonstrate sensitivity at clinically relevant concentrations and in the bi-
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ologically realistic environment of blood serum. With the benefit of existing
information on the structural and binding properties of antibiotic-mucopeptide
complexes, in free solution and at surfaces [24, 20, 6], the system could also be
used to gain new insights into the transduction of stress through the cantilever
setup. Their findings ultimately suggested the need to include a geometrical
factor, as well as the accepted chemical binding dependence, in any theoretical
framework that aims to describe a surface stress response.

The data suggest that the origin of surface stress due to specific binding
events is short-ranged in nature, for example a steric nearest-neighbour interac-
tion between adsorbed proteins. These results also serve to underline the impor-
tance of the structure of the underlying self-assembled monolayers (SAMs) to
which analytes bind in the response one gets from cantilever sensors. It throws
into sharp relief the suitability of cantilever sensors in this field, over other
methods of measurement that operate with the analyte in solution. By provid-
ing a surface for the binding events, this sensor technology mimics the bacterial
membrane upon which the actual petidoglycan precursors are attached. Diffu-
sion and dissociation constants have been shown to vary significantly between
events occurring in solution and on a surface [21]. There is also speculation in
the literature [3] that antibiotics such as Vancomycin, in their mode of action
against bacteria, disrupt cell walls collectively in much the same way as stress
would appear to be transduced on a cantilever’s surface, as represented in figure
(1.3.1). With nanocantilever technology a viable way of quantifying not only
the binding affinity of a drug-target complex, but also the antimicrobial efficacy
of said drug, this would mean that nanocantilevers could provide both a quick
and easy method of characterising many drugs at the same time and a method

by which their action can be understood and improved upon.
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o (b ] In-plang forces

Bactarial cell wall
and memarang

Figure 1.3.1: Schematics representing the idea that the proximity and connec-
tivity of binding events factors into the stress response of a cantilever (a) and
the antibiotic disruption of the bacterial cell wall (b). Figure reproduced from
[15] with permission from Macmillan Publishers Ltd.

1.4 Modelling the nanocantilever system

For nanocantilevers to be a viable technology on which to base a biosensor
it must be possible to accurately and repeatedly get a quantitatively well un-
derstood response from them. It must be possible to take individual chemical
events, featuring molecules only tens of angstroms in diameter, and translate
their effects to the observed mechanical motion of a beam thousands of times
larger.

As such, theoretical study of nanocantilevers as biosensors has to give due
attention to what is happening on several levels: the molecular origins of force
generation; how these forces collectively combine across the cantilever’s back;
and how the cantilever beam itself responds to such an impetus. Within this
thesis I make investigations into all of these.

To look at the molecular basis for surface stress I break down the contribu-
tions for each adsorbed molecule into those steric and coulombic interactions
stemming from molecular proximity on the cantilever, and those due to adsorp-
tion induced reorganisation of charge at the cantilever’s surface. In some cases,
as for a monolayer of decanethiol (section (5)), these are relatively simple to ap-
proximate. But for a molecule as complex as Vancomycin I have used molecular

dynamics simulation to explore the nature of their interactions.
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By taking the likely arrangement of adsorbed molecules across the active
area of a cantilever I calculate the net forces across the cantilever due to all
the molecular contributions. I have tested the impact of varying molecular
arrangement, or the connectivity between individual sites, using a model I wrote
in Mathematica 8.0 [25] to sum the individual and pairwise force contributions
and equate the result to the restoring force of the cantilever beam.

How the response of the beam itself affects the subsequent measurement is
something I investigate through deriving analytic formulae for altered geometric
and material properties of a beam. I also devote time to implementing models
that describe the effects of complex fluids on a cantilever’s operation, as the
environmental influence is hugely important for a technology that will eventually

be required to operate successfully in fluids such as blood.

1.5 Thesis outline

Laid out here for the purpose of clarity, there follows a short description of the

sections comprising this thesis.

The next part of this thesis goes into more detail on the immediate mo-
tivation that led to this work and on the wider context in which my work is
positioned.

Chapter (2) looks at nanocantilevers as a novel and promising technology for
both sensing the presence of specific analytes and exploring chemical reactions.
The section describes in detail the mode of action of nanocantilevers and their
myriad applications in various fields.

The next chapter, chapter (3), goes into the theory and methods used for the
simulations performed as part of the thesis. The necessary steps to achieving
meaningful results from molecular dynamics simulation are explained; the par-
ticular model used for Vancomycin and the theory necessary to use calculations
in the potential of mean force ensemble to quantify the mean force of interaction

of two Vancomycin molecules.
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Chapter (4) summarises an experimental investigation [15] into the stress
response of cantilevers functionalised with gram-positive bacterial cell wall pep-
tide analogues (both active and resistant) upon exposure to Vancomycin. The
publication in question also looks into how changing the coverage of active pep-
tides on a cantilever’s surface alters the stress response, raising questions around
a possible geometric, as well as chemical, contribution to the stress; questions
which this thesis works towards answering.

From there on, each remaining chapter of the thesis describes a body of
work, as completed by me, that aims to answer the questions and challenges
raised in these introductory passages.

Chapter (5) uses the model system of a full monolayer of decanethiol on the
sensing surface of a nanocantilever to explore the mechanisms by which surface
stress is induced upon adsorption. The chapter outlines current thinking as
to the basis for stress changes and introduces a model developed by me in
Mathematica 8.0 [25] to quantify the contribution of each in the specific case of
decanethiol and equate them to the elastic restoring force of the beam to yield
a stress. The results are compared with previously reported experimental data
for similar setups, from the literature.

Chapter (6) describes the extensions to the model discussed in chapter (5)
necessary to elucidate the geometric nature of surface stress buildup. Percola-
tion theory is introduced and used as a starting point to investigate how active
monolayer coverage is linked to a cantilever’s stress response.

In chapter (7) the theory and ideas developed thus far are applied to the case
of Vancomycin binding to a cantilever coated in bacterial cell wall peptide ana-
logues. The first half of the chapter details the molecular dynamics simulations
run on two approaching Vancomycin-peptide complexes, the interpretation and
analysis of the mean force between them at each separation and how the data
can be developed into a force expression representative of their interaction. The
second half discusses how the Mathematica model for stress must be evolved to
better reflect this setup and provides the results of surface stress and cantilever

deflection induced by the binding of Vancomycin and how it varies with active
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peptide coverage. These results are compared with the experimental results in-
troduced in chapter (4) and show good agreement considering the complexity
of the system.

Chapter (8) returns to look at the nature of the elastic response of the
cantilever to bending. In the interest of both understanding and maximising
the sensitivity of the beam to events on its surface I consider what effect the
geometric proportions and material properties of the beam have on a response.
This is also extended to look at the consequences of differing how the active
surface is patterned on the cantilever.

In chapter (9) I consider the issue of operating in complex or viscous me-
dia, from the perspective of the dynamic cantilever mode of action, and how
to exploit this apparent challenge to measure the rheological properties of the
operating medium.

The final chapter, (10), reiterates the discoveries and conclusions of the thesis

and raises avenues of interest for future work in this area.
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Chapter 2

Biosensors

‘Biosensor’ is quite a broad term, covering those devices that couple a biore-
ceptor that recognises the chosen analyte and a transducer that converts the
information about that analyte to a measurable form that is easily quantified
by the user.

The receptor’s task is to bind to or otherwise chemically interact with the
analyte. The key deliverable here is specificity and, as such, the type of receptor
is tailored individually for each arrangement. Possible receptors are as varied
as the biomolecules one is looking to isolate and are often taken directly from
nature to exploit existing biochemical mechanisms for recognition. This biosen-
sitive part of the device can utilise antibodies, enzymes or other proteins, single
DNA strands; as long as the receptor and analyte demonstrate complementary
behaviour.

The transducer part of a sensor is where the actual signal that will be mea-
sured is generated. A few widely used examples include the optical method of
surface plasmon resonance (SPR) [26] which measures changes in the dielectric
constant at a surface, electromechanical methods such as quartz crystal mi-
crobalance (QCM) [27] where changes to the resonant frequency of oscillation
due to analytes is measured piezoelectrically, or by utilising the electron release

from enzyme-analyte reactions in certain electrochemical sensors, as typified by
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glucose sensors for monitoring diabetes [28].

When developing a technology for use as biosensor, top of every wish list are
two words: sensitivity and specificity. The first, sensitivity, is a requirement that
must be met by any biosensor. Clinically relevant concentrations of biologically
important analytes can dip well below the uM range [29, 30, 31|. But sensitivity
is a pretty useless concept without specificity. For a response to have meaning
one must either be able to obtain a signal that corresponds to a single type
of target molecule or system parameter, or have the requisite understanding
to deconvolute the contributions to a signal from many, potentially competing,
effects or analytes.

Nanocantilevers are appealing to the biosensor community due to their gen-
eral robustness, ease of manufacture and their suitability for miniaturisation and
incorporation into lab-on-a-chip (LOAC) devices. It is a versatile technology,
able to operate in different modes of action (2.3.1,2.3.2), as in figure (2.3.1), and
to be specifically functionalised with relative ease [32].

However, understanding of a cantilever’s response often does not compre-
hensively extend beyond qualitative. For the potential applications in environ-
mental monitoring, food standards and medicine, it is extremely important to

be certain of a reliable, quantitatively understood response.

2.1 Nanocantilevers

Many features of nanocantilevers make them an extremely promising technology
for application to the combined challenges of finding new antibiotics and of
quantifying their efficacy.

With no need for secondary tags cantilevers operate as label-free sensors,
allowing for measurement in one step, which speeds up and simplifies the pro-
cess. The deflection signal from nanocantilevers is not specifically mass limited,
such as SPR [33] and although, as I shall discuss in more detail in chapter (4)
of the thesis, there is a limiting signal dependence on the degree of binding to

the cantilever, this technology can be shown to respond to clinically relevant
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concentrations of analytes.

The compatibility of cantilevers with miniaturisation and parallelisation [34]
techniques has a twofold advantage. In a field where time is very much of the
essence, this technology would be capable of high throughput drug screening,
reckoned at thousands of drugs per hour, and integrated arrays can screen sev-
eral different analyte-target interactions, as well as taking reference measure-
ments, in identical conditions simultaneously, allowing for directly differential

output and with applications to LOAC devices.

2.2 Development of the technology

The development of nanocantilevers as stand alone sensors begins with the the
development of the Atomic Force Microscope (AFM) in the mid eighties by Bin-
nig, Quate and Gerber [35]. The AFM setup incorporates a nanocantilever, on
the end of which is situated a small tip of the order of nanometres in dimension.
This tip, when scanned across the surface of a sample, will experience either
a static deflection due to interatomic forces between tip and sample or, if the
cantilever is resonating, a shift in frequency corresponding to the effect of said
forces.

The deflection and frequency response, generally measured optically, is used
to build up a topographical map of the sample with spatial resolutions down to
the nanoscale.

The setup has proved to be versatile, with people able to use contact mode
AFM to quantify mechanical and elastic properties of samples [36, 37], or util-
ising specialist magnetic or conducting tips to expose the magnetic patterns in
thin films [38] and localised charge distributions [39] respectively.

Following the success of the AFM, the nanocantilever itself has been re-
developed as a functionalisable device in its own right, for use as a chemical,
biological or physical sensor in medicine, industry and environmental monitor-
ing [40, 41, 42, 43, 44, 45]. The technology relies upon the fact that any change

in mass, stiffness, surface stress or the medium in which a cantilever is operating
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will lead to a deflection away from its control position or a shift in its resonant
frequencies and a change of quality factor.

The first published work that focused on this technology’s potential for use
as a biosensor was Butt’s 1996 paper [46] showing the response of a cantilever
to non-specific adsorption of bovine serum albumin. In the following years
researchers tried different functionalisation and adsorbates to investigate the

potential of nanomechanical biosensing.

2.3 Modes of action

2.3.1 Static mode

When analytes in the medium surrounding a cantilever interact with the surface
of the beam, whether through physisorption or chemisorption via covalent bond
formation, these events will alter the stresses on the surface of the cantilever.
See (b) of figure (2.3.1) for a simple schematic of a cantilever in its static mode
of operation.

If the beam is prepared such that these events can only occur on one side,

e.g. the upper surface, a differential surface stress induces bending in the beam.
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Figure 2.3.1: The two most common cantilever modes of action: (a) dynamic
mode responding to changes in adsorbed mass, stiffness or changes to the rhe-
ology of the operating medium; (b) static mode responding to surface stress
changes; (c) a scanning electron micrograph of an actual cantilever array. Im-
age courtesy of [47] with permission from Elsevier.

The strain in the y-direction across the beam, as described in the schematic
comprising figure (2.3.2), with a height k¢ to the neutral plane of the beam, can
be written as,

z—h
€y () =~ (2.3.1)

where in this instance we take the radius of curvature, R, to extend from the
centre of the circle that would be described by the arc of a cantilever undergoing
pure bending, to the lower surface of the beam. From Hooke’s Law, the bulk

stress through the beam in the same direction is,
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Figure 2.3.2: Schematic showing the axes and dimensions of a beam undergoing
pure bending.

Glo) = Ty (e) (232)

(1-v)
where F is the Young’s modulus and v the Poisson ratio of the material
comprising the beam.
In a system in equilibrium the total surface stress acting on the cantilever,
which is the difference between that acting on the upper and lower surfaces, Ao,
must be equal in magnitude and opposite in sign to the bulk stress as integrated

over the full height of the beam.

Acyy = — | Gydr 2.3.3
Yy vy

- OB (@ —h)
- /0(1_y) R

From the expression above we can define the differential surface stress in the

y direction as
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o= 2 (B, 23

which can be rearranged to yield the expression

b, Aoy (1-vR

= — 2. .
ho 5 o (2.3.5)
This leads to a definition of strain of
doyy(1—V)R h
€yy = 7 3.

In equilibrium, the bending moment inside the cantilever must be zero. So,

for example, for the midplane of the cantilever:

/ny(m) (x _ Z) do— 2700 (2.3.7)

which, upon working, collapses down to

Eh?

Aoy = 6R(1—v)’

(2.3.8)

This form is widely known as Stoney’s equation [48] and has been used to
describe stress induced deflection since the early 20th century.

These expressions will need modification where the thin-film approxima-
tion is no longer valid, however as long as the ratio of layer thicknesses follows
Ah = % < 0.1, where h, and h, are the adsorbate and substrate layer thick-
nesses, these assumptions do not cause serious errors in calculation [49]. This
approximation is valid for the systems that we will be considering. While the
micro-scale mechanical response of the beam in this mode is reasonably well
characterised, the process by which individual molecular events induce the sur-
face stresses is not fully understood and a matter of some debate in the literature
[50, 51, 52, 53, 54, 55, 56, 57, 58]. I will be discussing possible origins of surface
stress and some of the figures of merit of a cantilever’s mechanical response later

in this thesis.
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2.3.2 Dynamic mode

In the dynamic mode cantilevers are generally modelled as harmonic oscillators,
with the resonance frequency, w,, of the nth mode given by
B Cc? |EI

= -5 Ty (2.3.9)

W,

where L is the beam length, I,, the moment of inertia in the y direction, i the
mass per unit length of the beam and the coefficients C;, which are derived in
appendix (B). Any changes in the material properties or operating environment
of such a cantilever will result in a shift in the resonance frequencies. Most often

used as a mass sensor [59, 60, 61, 62], the effect of added mass on the resonance

frequency of a beam oscillating in the dynamic mode can be simply written as

Aw=—=—"w,, 2.3.10
w=—g— W ( )

where Am and m are the added mass and mass of the cantilever. In situ-
ations where adsorption events cover enough of the cantilever to form a layer,
the mass increase can be coupled to a change in the stiffness of the cantilever,
which will also affect the resonance behaviour of the device [63, 64]. For a

homogeneous adsorbed layer the shifted resonance frequency is described by

Wn, AD
=/ , 2.3.11
Wn,0 1+ peffheff ( )

where AD is the change in flexural rigidity, a property of the beam that

depends on the Young’s modulus, the Poisson ratio and the thickness, and peg =
Z—Z and heg = Z—“ are the ratios of adsorbed layer to substrate layer densities
and thicknesses respectively. Recent work has developed models to deconvolute
the contributions of mass and stiffness [63]; an important pursuit since the two
can have opposing effects. The dynamic mode setup can be further complicated

by the effects of the medium in which the cantilever operates. Changes to the

operating medium’s rheological properties, for instance, will affect the resonance
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frequency of an oscillator.

Dense and viscous media also have a drastic effect on the limit of sensitivity
for a vibrating cantilever, which is governed by the signal to noise ratio. The
degree to which a resonance frequency shift, and thus the quantity one is seeking

to measure, can be resolved is described using the dimensionless parameter @,

the quality factor. Defined as @ = Awti:hm’ the ratio between the resonance
frequency and the full width at half-maximum of the resonance peak, ) must
be maximised to achieve the best sensitivity, but will decrease significantly if the
damping in the system increases, say due to a more dense and viscous medium.

This is discussed in greater detail in chapter (9).

2.4 Applications

Static

Perhaps the landmark publication of this time was the work undertaken by
Fritz et al [65] who demonstrated measurable, relative deflection of two can-
tilevers responding to the hybridisation of DNA chains immobilised on the can-
tilever surfaces. The difference in signal between the cantilevers was solely due
to the effect of a single base mismatch and really highlighted the possibility of
using the surface stress technique to quantify not only the presence and concen-
tration of an analyte, but also its interaction with other ligands and even the
efficacy of the chemical reactions it is involved in.

There followed a series of papers further investigating sequence-specific DNA
hybridisation events [66, 67, 68, 69] including the extension to being able to
discriminate between single base mismatches at particular sites on the DNA
chains [70], and the detection of DNA quadruplexes [71].

The importance of tailored and analyte-specific functionalisation of the can-
tilevers cannot be underestimated, and has been exploited in specific protein
and chemical recognition experiments. Volatile compounds including chemical

solvents, primary alcohols and natural flavours, like bitter almond, cherry, lemon
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and vanilla, have been specifically detected using cantilevers [65], that respond
to absorption induced polymer swelling. They are designed to operate as an ‘ar-
tificial nose’ by building a fingerprinted picture of the environmental contents
from the differential response of an array of cantilevers. Environmental moni-
toring benefits from the real-time response of nanocantilever devices and they
have been shown to respond to trace amounts of nerve agents [72], pathogens
such as strains of Salmonella enterica [73], Cholera toxin [74] and explosives [75]
with sensitivities comparable to that of a dog’s nose [76].

The technology’s suitability as a biomedical sensor has been researched, with
focus centred on those molecules that are known to act as either therapeutic
targets or as indicators of disease and disease progression. For example, as a
potential marker for both viral infections and melanoma progression, the detec-
tion of interferon-alpha-induced 1-8U gene expression in total human RNA has
been reported [69].

By discriminatingly functionalising cantilevers, it has become possible to
detect the response of a single analyte, even in complex biological media. For
example, the detection of the protein CDK2 in lysate cells [77], of prostate-
specific antigens (PSA) in blood serum [78] or of the cardiac biomarker proteins
creatin kinase and myoglobin in a non-specific protein background [79]. Surface
stress responses have also been used to monitor conformational changes in sys-
tems such as adsorbed bovine serum albumim and Immunoglobulin G adsorbed
onto Au surfaces [80] and protracted processes like the formation of protein
aggregates in amyloid growth [81].

These examples of research in the field of nanomechanical biosensing show
some impressive figures for sensitivity and reproducibility, but the actual pro-
cesses by which the surface stress response is induced is still a matter of much
debate in the literature [50, 51, 52, 53, 54, 55, 56, 57, 58|. In order to be an
applicable technology in fields such as medicine and food and environmental
monitoring, where results must be rigorously quantifiable, the link between the
individual chemical and binding events on a cantilever’s surface and the me-

chanical, continuum response of the cantilever beam must be fully understood.
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Dynamic

Mass sensing in particular is a highly researched use for cantilevers in their
dynamic mode [82, 83, 84]. In vacuum especially, this process is becoming
well refined with cantilevers able to detect the specific binding of single viruses
[41] or protein molecules [61]. Mass sensitivity in the sub-attogram range has
been achieved [59]. Using super-cooling techniques and a 1 nm diameter carbon
nanotube as a resonator, measurement of the adsorption of chromium atoms
has been seen at 1.4 zeptograms [62].

On the introduction of a dense and viscous medium, however, the mass res-
olution suffers a great deal and other factors contribute to the shift in resonance
frequency. Both dissipative and inertial effects of the immersion in the fluid
must be accounted for in order to de-convolute the effect of the medium on the
cantilever’s action from the true signal.

It may seem counterproductive to look into cantilever operation in such me-
dia when sensitivity can be so clearly improved by letting the beam resonate
in a vacuum [62, 59, 61, 85], but a lot of the interest around cantilevers is the
potential for this technology to be incorporated into point-of-care devices. In
order for this potential to be realised, several factors must be considered simul-
taneously; cantilevers must respond to clinically relevant analyte concentrations
in real time, and in biologically appropriate environments. While for a lot of
the gas sensing applications these criteria are being met already, in industries
such as food and drink and for medical usage, ‘biologically appropriate’ often
means working in dense, viscous media such as blood, serum or alcohol [86, 87].
The challenge presented by the surrounding medium is twofold; the signal to
noise ratio must be amplified as much as possible, and the myriad potential
contributions to that signal must be separated and understood.

For many applications the main aim is to minimise the effects of the medium.
Burg et al [88] designed a novel cantilever that resonates in vacuum, with an
internal reservoir of fluid, that can measure the mass of a single bacterial cell
without removing it from a biological medium. In chapter (9), however, I will

explore how these seemingly adverse effects can be instead manipulated to yield
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information about the rheological nature of the medium.

37



Chapter 3

Methods

3.1 Molecular dynamics

Molecular dynamics (MD) follows from the premise that, given a sufficiently
representative set of force fields, a system’s behaviour can be extrapolated from
the system’s initial state. By calculating the forces of interaction between all the
particles, the momenta and time evolved positions can be found. Repeatedly
doing so will yield trajectories for each of the individual atoms comprising the
system, whereupon time averages of the observable properties of the system may
be calculated.

Based on the ergodic hypothesis [89], thermodynamic properties of the sys-
tem can be determined by virtue of the fact that time averages can be equated to
statistical ensemble averages. An ensemble used in MD denotes the trajectory
in phase space along which the simulation can develop as a function of time.
The set of points in phase space that correspond to a particular ensemble are
dictated by those constant properties of the macrostate describing the system.
Over a sufficiently long period of time, a simulation will have explored enough
of the available microstates, enough of the available points on the ensemble hy-
persphere in phase space, for a time-averaged observable to be equivalent to an

average of that observable in all the available microstates.
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Simulation of a system of interest follows three main steps: construction of
an appropriate but simplified model; calculation of particular trajectories; and

analysis.

3.2 The model

The ‘molecule’ and its ‘environment’ in simulation must be explicitly defined by
the user. There is a need to balance the complexity of the actual, real-world,
situation one is trying to explore against the simplifications required to keep
computing time manageable.

As such, we can describe the energy of a molecule in simulation as a combi-
nation of pairwise additive bonded and non-bonded atomic interactions, using

empirical parameters for the different atomic species.

Utot = Ubonded + Unonfbonded (321)

Many model potentials exist that are tailored to the requirements of specific
systems. For example Sutton-Chen [90] and embedded-atom method (EAM)
potentials [91] for metals, Hautman-Klein models [92] for alkyl-thiols on a sur-
face, or Tersoff potentials [93] describing carbon based systems. Within this
chapter I shall only outline those potential forms used in this work.

The bonded interactions consist of descriptions of stretching, bending and

torsional movement within a molecule as,

Nvond Nangie Ndinedral
Ubonded - Z Ubond + Z Uangle + Z Udihedrala (322)
3,j=1 i,j,k=1 1,5,k,l=1
where,
1 2
Ubona(rij) = ik(rij ) (3.2.3)
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1
Uangle(aijk) = ik(el]k‘ - 00)2 (324)

Udihedral(¢ijri) = A[L + cos(maiji — 9)] (3.2.5)

where k and A are force constants defining the shape of the potentials, § is

the phase and the other variables are as demonstrated in figure (3.2.1).

Figure 3.2.1: Diagram detailing the variables of the bond, angle and dihedral
potential forms.

Non-bonded interactions are a sum of a short-ranged van der Waals and a

long-ranged coulombic interaction which, for individual pairs of atoms, can be

written as
Unon—bonded == Z UVdW + Z Ucoul7 (326)
pairs pairs
where,
A B
Uvaw(rij) = = | — | = (3.2.7)
Ti; i
1 qq
U i) = —_—, 3.2.8
coul (Tij) dmey 14 ( )

A = 4e0'? and B = 4¢e0® for a potential well depth of ¢ and finite distance
at which the potential is zero of 0. ¢;, ¢; and r;; are the charge on particle i,
on particle 7 and the distance between the two, respectively.

The equilibrium topology of a molecule, the force constants that describe the
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tolerances on atomic movement within that topology and the partial charges on
each atom must be defined prior to simulation. Within this thesis, these values

are taken from the CHARMM force field libraries [94, 95].

3.3 Initial conditions

Initial particle positions are provided as input by the user, and must be cho-
sen so as to be compatible with the system that is being modelled. In many
cases the initial coordinates are taken from those experimentally determined for
the structures of interest, although generally these will require the addition of
hydrogen atoms.

Initial velocities are either randomly assigned according to a distribution
based on the desired temperature, T, of the system, or taken from previous

simulations.

3.4 The ensemble

In this thesis, the simulations of Vancomycin, see chapter (7), are run within the
microcanonical ensemble of constant particle number, N, volume, V, and energy,
E. The microcanonical ensemble corresponds to an isolated system; there is no
need for external, random input to determine whether a step in the evolution
of the system is acceptable or not within the ensemble.

Other ensembles include the canonical (constant N, V and temperature,
T), the isobaric-isothermal (constant N, pressure, P, and T) and the grand
canonical (constant chemical potential, u, V and T). These ensembles require
some interaction with an ‘environment’ in the form of thermostats, barostats

and particle reservoirs.
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3.5 Calculating trajectories

In molecular dynamics the positions of the particles subsequent to the initial po-
sitions are obtained by numerically solving the equations of motion. This means
the positions are temporally connected, unlike in other, stochastic, methods of
simulation [96].

The Verlet algorithm, as described below, is one of the most simple but
often most effective ways to integrate Newton’s equations of motion. Other
algorithms exist, but since the one I shall be using is an extension of the Verlet
scheme, I am focusing solely on that in this document.

We start with Taylor expansions of the positions of a particle around time,

1 d?r(t) A2 ld?’r(t)

Ar(t) oy

t+ At) =r(t —
vt +Af) =r(t) + =5 2 di? 3 e

AL+ O(AtY) ... (3.5.1)

or,

- LE(t) 5 1d3c(t) 4 4
r(t+ At = r(t) + V(AL + 5= FAE + 5P AR+ O(ALY) L (3.5.2)
and,

_ }@ 2 ld3r(t) 3 4
r(t— At) =r(t) — v(t) At + 5 m At — CTRPTE At° + O(AY) ... (3.5.3)

Summing these two eliminates all odd-order terms, leaving

r(t+ At) +r(t — At) = 2r(t) + %Aﬁ +0o(Aath. .., (3.5.4)

or, ignoring higher order terms,
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£(t)

r(t + At) ~ 2r(t) — r(t — At) + WAtQ' (3.5.5)

So we have computed the new positions of the particles without explicitly
including the velocity. Velocities are not necessary for time evolution, but we
need them to calculate kinetic energy, and in turn monitor conservation of energy

in the system. Values can be assigned from the above Verlet scheme using,

r(t + At) —r(t — At) = 2v(t) At + OAE . .. (3.5.6)
which gives

vity = TE Atg;;(t —A0 Lo (3.5.7)

An extension of the classic Verlet algorithm, the Velocity Verlet, explicitly
treats the velocity as well which allows us to start a simulation from initial
positions and velocities at the same time and to calculate kinetic energy at
every step. It is this scheme that is used in my simulations in DL POLY 2.19
[97], and consequently in the work described in this thesis.

For the Velocity Verlet algorithm we begin by defining the velocity at the

half timestep from the properties of each particle at the current time, t, as

1 1, f(t
v(t+ iAt) ~v(t) + 5Atﬁ. (3.5.8)
Using this velocity to define the new position of each particle as,
1
r(t+ At) ~r(t) + Atv(t + §At), (3.5.9)

from which the forces, f(t 4+ At), are obtained and can be used to calculate

the full step velocity as,

1 1 f(t+A
v(t+ At) = v(t+ A1) + iAtM. (3.5.10)
m

The length of the timestep must be chosen so as to satisfactorily represent
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the highest frequency motion of the system. In many cases, for proteins, this
is the C-H stretching mode, which has a wavenumber of ~ 2900 cm ™! which
corresponds to a frequency of ~ 1 x 107!'% s. Within this body of work all
simulations are run using a timestep of 1fs, an order of magnitude smaller than
the period of the C-H stretch, satisfying the assumption, used in the Velocity

Verlet algorithm, that velocity and acceleration are constant over one timestep.

3.6 Equilibration

Before what is known as the production run, when statistics relating to the
system are gathered, it is important to equilibrate the system. This ensures
that any anomalously high forces due to the initial positioning of atoms, for
example due to proximity leading to unfeasibly high van der Waals or coulombic
interactions, can be accounted for. The atomic velocities are scaled during this
period of the simulation to keep the system temperature close to the specified
value in spite of the potentially high forces.

Plotting the thermodynamic properties of the system is a way of assuring an
equilibrium is reached; the potential and kinetic energies etc. should fluctuate

around an average value that does not drift over time.

3.7 Potential of mean force

Analysis of the system as a whole from molecular dynamics simulation out-
puts involves taking these individual trajectories and using them to evaluate
macroscopic properties.

One way of building a global interaction force curve for the Vancomycin-
fragment complex system that allows for the effects of entropy is through cal-
culations of the potential of mean force (PMF). The PMF is defined as that
potential which describes, as a function of one of the reaction coordinates in a
system, the average force between all configurations of those particles compris-

ing the system.
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The algorithm that lets us calculate the PMF is an extension of that for
imposing constraints between bonded atoms. The bond constraint algorithm
initially calculates the new positions of all the atoms in the system considering
it to be under no imposed constraints. It then uses the amount by which a
constraint tolerance has been exceeded to calculate the force necessary to bring
the specified bond length into line. This correcting force is then applied to the
system, to give a new set of atomic positions.

In a system with more than two atoms, the conservation of the constraints
is often an iterative process, as the act of correcting one bond can throw out
another.

The tolerance for bondlength conservation can be defined by the user; in this
work I require the PMF constraint distance to be maintained to within 10~° A.

In the case of PMF calculations, the force needed to constrain the system
is the value of real interest. If the specified constraint is the separation along a
single reaction coordinate of the system, this force is the negative sum of all the
interaction forces at that point along the coordinate. In this way it is possible
to find the mean force of interaction of two Vancomycin-fragment complexes,

Fpumr, as a function of their separation, from the constraint virial as,

Wpmr

FPMF = (371)

dpnr

where Wpyr is the constraint virial and dpyp the constrained distance.
This function can then be integrated with respect to the separation to give the
potential of mean force which is a representation of the free energy of interaction
of the two complexes.

Since the model that I develop in this thesis is based around equating those
opposing forces on a cantilever-adsorbate system at equilibrium, the quantity I
will be taking and analysing from the simulations is the mean force of interaction

between analytes, Fpyr.
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Chapter 4

Experimental motivation

The dire need to understand the process of bacterial resistance and to move
towards replacing Vancomycin in the global health market has driven research
around this drug. The 2008 study mentioned in the introduction [15], into the
antibiotic action of Vancomycin, looked to quantify the binding efficiency to
both sensitive and resistant bacterial cell-wall mucopeptide analogues.

The study used arrays of eight rectangular cantilevers measuring 500 : 100 :
0.9 pm, with a silicon substrate, coated in a thin film of Au. The Au coat-
ing is employed to make advantageous use of thiol-Au chemical bonding when
functionalising the cantilevers with biochemically specific surface layers and to
enhance reflectivity of the cantilever surface when using the optical lever tech-
nique to take measurements.

In this case three specific layers were used. One, a self-assembled monolayer
of antibiotic sensitive mucopeptide analogue, of chemical make-up HS(CHz)11
(OCH3CH;)30(CH2)(CO)NH(CHs)5(CO)-L-Lys-(e-Ac)-D-Ala-D-Ala, herein re-
ferred to as D-Ala.

The second, a similar SAM, but with the mutation, the exchange of an amide
linker for an ester, that leads to antibiotic resistance. These mucopeptides have
chemical make-up HS(CHz)11
(OCH2CH3)30(CH3)(CO)NH(CHz)5(CO)-L-Lys-(e-Ac)-D-Ala-D-Lac and will
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Figure 4.0.1: Representation of the specific response of D-Ala coated cantilevers
to Vancomycin; also showing D-Lac and the reference PEG coated cantilevers
in the array. Figure modified from that in [15] with permission from Macmillan
Publishers Ltd.

be herein referred to as D-Lac.

Finally, to act as a reference coating in order to obtain differential, rather
than absolute measurements, a passivating SAM of triethylene glycol, which
should resist adsorption of the antibiotic, and indeed any biomolecules [98, 99].
Its chemical make-up is HS(CHz)11(OCH2CHz)30OH and it will be referred to
herein as PEG.

The influx of different buffer and serum solutions and varying concentrations
of Vancomycin (from 10 nM - 1 mM) was controlled using a specially built
gravity flow system. Measurements of cantilever deflection were taken using a
time-multiplexed optical detection system, with the laser spot focused at the
free end of the cantilever and converted to surface stress values using Stoney’s
equation (2.3.1) with a biaxial Young’s modulus for Au-Si of 180 GPa [15].

Figure (4.0.2) shows the absolute and differential deflection signals induced
by Vancomycin-mucopeptide interactions on the cantilever arrays; the negative

sign corresponding to a downwards deflection due to a compressive surface stress
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on the upper surface of the cantilever.

The measurements showed significant differences in deflection and therefore
stress between the antibiotic-sensitive and resistant peptide coated cantilevers.
For example the average values across all arrays of —34.2 £5.9 mNm~! and
—3.84+ 1.5 mNm~! for D-Ala and D-Lac respectively, upon injection of 250 uM
Vancomycin in sodium phosphate buffer (pH 7.4, 0.1 M).

Measurements were also taken in serum (a mixture of fetal calf serum with
buffer at a ratio of 9:1) in order to ascertain the sensitivity of a nanocantilever
response to clinically relevant concentrations of 3 — 27 uM Vancomycin in a
biologically relevant medium. A differential bending signal of 105 + 4 nm was
demonstrated for D-Ala at 7 uM Vancomycin.

These results are an extremely encouraging indication that cantilever sen-
sors are able to distinguish quantitatively between two different analyte-target
events, in this case corresponding to simply the deletion of a single hydrogen
bond in the peptide-antibiotic complex, and able to make measurements in clin-

ically relevant setups.
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Figure 4.0.2: Deflection responses for different concentrations of Vancomycin,
for antibiotic-sensitive; antibiotic-resistant; and ‘inert’ SAM coated cantilevers.
(a) Absolute deflection signal to 250 uM of Vancomycin. (b) Corresponding
differential deflections, once corrected for the in-situ PEG reference values. (c)
Differential signals for D-Ala to 10,100 and 1000 nM Vancomycin concentra-
tions. (d) Closer look at the response to 10 nM of Vancomycin for the three
D-Ala coated cantilevers in one array. Reproduced courtesy of [15] with per-
mission from Macmillan Publishers Ltd.

4.1 Exploring connectivity

Since our knowledge of the method by which biochemical events induce a surface
stress that leads to the beam’s deflection is still incomplete, investigation was
also made into how varying the coverage of the active, underlying peptide affects
the stress response at different concentrations of Vancomycin.

Cantilevers were coated with mixed monolayers of sensitive D-Ala peptides
and inert PEG peptides. The systematic variation of the coverage of the active

peptides, p, on the surface was determined by X-ray photoelectron spectroscopy
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Figure 4.1.1: Graph showing the measured differential surface stress response for
D-Ala- (red circles) and D-Lac- (black circles) coated cantilevers as a function
of Vancomycin concentration in solution and D-Ala surface coverage, superim-
posed with the results of a global fit according to equation (4.1.1). Reproduced
courtesy of [15] with permission from Macmillan Publishers Ltd.

(XPS). Where p = 0 corresponds to no D-Ala peptides, or a complete PEG
monolayer, and p = 1 to a complete D-Ala monolayer. These mixed monolayer
covered cantilevers were then exposed to different concentrations of Vancomycin,
from 0—1000 pM. Figure (4.1.1) shows a saturation of the stress response above
50 uM for a cantilever with a full D-Ala monolayer, above which the system
has reached its binding equilibrium and most accessible binding sites on the
monolayer are filled.

What is really interesting about figure (4.1.1), and what leads into the work
I shall be discussing in the remainder of this chapter, is that, regardless of con-
centration of Vancomycin, there is no deflection response for an active peptide
coverage of p < 0.1, from where the response increases approximately linearly.

So a certain fraction of the cantilever must be subject to the specific chemical
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events before a response is triggered. This suggests that a minimum degree of
connectivity between those individual events is necessary; that the transduction
of surface stress is actually a collective phenomenon.

In the 2008 paper, the first suggestion was made that the coverage fraction of
chemical events on a sensor’s surface must reach a ‘percolation threshold’ before
eliciting a signal. In fact, that with knowledge of the maximum surface stress
when all available binding sites are occupied, a, the cantilever’s stress response
can be deconvoluted into a chemical factor, based on a Langmuir adsorption
isotherm, and a geometric factor, that follows a power law and represents the

connective nature of the elastic response,

alVen] (p—p,\°
Avo, = c) | 411
Teq Kd—&—[Van}(l—pc ( )

where a is the maximum surface stress signal, [Van] is Vancomycin concen-
tration and Ky is the equilibrium dissociation constant on the surface of the
cantilever.

Before exploring the geometric dependence of stress on chemical events on
the cantilever’s surface, it is necessary to gain an understanding of the origins
of said stress. The various interactions of adsorbates that may contribute to
a differential surface stress are explored in the next chapter for the formation
of a monolayer of decanethiol. Since the model monolayer is full, any geomet-
ric dependence on coverage is irrelevant for these initial investigations. The
chapter aims to quantify the contributions from both adsorbate-adsorbate and

adsorbate-substrate interactions.
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Chapter 5

Origins of surface stress

While there is much evidence in the literature of monolayer formation of many
species, on varied substrates, causing a change in surface stress [100, 54, 101,
102, 103, 104, 32], the origins of said stress are still under question.

Simple intuition would suggest that the cause of the increased surface stress
on adsorption should be a combination of interactions between the adsorbates
themselves and interactions between the adsorbed species and the substrate
atoms at the surface of the beam.

To investigate the validity of this assumption I will discuss approximate val-
ues for the various contributions for a model system of a self-assembled mono-
layer of decanethiol molecules adsorbed onto an Au coated cantilever. I chose
decanethiol as a model system in this case as it is a relatively simple molecule
which forms stable, ordered monolayers that are reasonably well-studied and
documented [105] and there are several reported experimental values for de-
canethiol induced differential surface stress in the literature [106, 56, 107, 108],

against which I can compare any theoretical values obtained.
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5.1 Adsorbate-adsorbate interactions

To model the interactions between two adjacent adsorbed molecules I use the
Lennard-Jones intermolecular pair potential. The repulsive part of this stan-
dard potential model represents the short-ranged steric repulsion due to electron
cloud overlap upon close approach of two molecules, often viewed as a simple
hard-sphere repulsion. In a Lennard Jones potential we adopt an inverse power
law representation with a power of 12, to more realistically mirror the finite
compressibility of atoms. The power law potential between two molecules, ¢

and j, can be written as

Ulry;) = A (a)w, (5.1.1)

Tij

where o is the hard sphere diameter of the molecule, r;; their separation
and A an energy term. The attractive part of the potential is composed of
three contributions due to angle-averaged dipole-dipole interactions (Keesom
interaction), dipole-induced dipole interactions (Debye or induction interaction)
and instantaneous dipole interactions (London or dispersion interactions) [109].
These three separate contributions to the van der Waals attraction between two

similar molecules are defined as:

2,2
. . i [
K t t 2 U(riy) = —57— 7 5.1.2
eesom interaction (rij) S(dmeeo ) 2RTTS ( )
(niay + pias)
Debye int tion : U(ryj) = —~———? " 5.1.3
ebye interaction (rij) (e ( )
3 o
London interaction : U(r;;) = _o_ di%e (5.1.4)

4 (4meo)?rs;’
where p; is the dipole moment of the ith molecule, ¢y and € the permittivity
of free space and the relative permittivity of the medium respectively, I is the
ionisation potential, a; the electronic polarisability of the i¢th molecule, k is
the Boltzmann constant and T the temperature. These three expressions, in

conjunction with the repulsive term above, are combined in the well-known
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Lennard-Jones expression for intermolecular interaction of:

U(ri;) = 4e ((:ﬂ)u - (71)6> : (5.1.5)

where ¢ is the well depth of the resultant interaction energy curve.

Because the molecules comprising the monolayer are spatially fixed, to an
extent, it can be necessary to also consider a dipole-dipole interaction that is not
angle-averaged, where the arrangement of partial charges on a molecule confers

an intrinsic dipole moment. The resulting interaction can be described as,

Ul(rij, 01,02, 0) = *% [2¢05(61)cos(62) — sin(61)sin(62)cos(¢)], (5.1.6)
ij

where p; is the dipole moment of molecule i, € is the permittivity of free
space, € the relative permittivity of the medium and 6,, 05 and ¢ describe the
relative orientations of the two dipoles. Their relative orientations obviously

affect both the sign and magnitude of the interaction energy.

5.2 Adsorbate-substrate interactions

During the process of chemisorption, the formation of a covalent bond between
the adsorbate head and surface atoms of the substrate involves a transfer of
charge. This can result in an effective dipole corresponding to each adsorbate
site, as the partial charge on the adatom is mirrored by its inverse charge on the
surface of the substrate. In a monolayer consisting of only one type of adsorbate
the dipoles are arranged with like charges in plane and thus are always repulsive.
For the cases where the dipoles are parallel to one another the above expression

for the dipole-dipole interaction energy reduces to,

U(Tij7917927¢) = _ﬁ (521)
kY]

Adsorption onto a surface, with its associated charge transfer, also changes
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the bonding configuration of those atoms at the substrate surface.

Clean metal surfaces, with no adsorbates, exhibit a tensile surface stress.
This is presented as being the result of redistribution of electronic charge around
the atoms comprising the metal surface layers [110]. At the surface of a solid
the co-ordination of atoms differs from that of atoms in the material’s bulk, this
changes the nature of the bonding between surface atoms and therefore their
interatomic distances. In the case of transition metals such as Au, Ibach [111]
qualitatively describes the charge redistribution as being the shift of charge that
would have been involved in bond formation to the now missing bulk neighbours
to the interatomic spaces between the surface atoms, demonstrated pictorially
in figure (5.2.1). As such, the attractive interaction between the surface atoms

will increase and a tensile, or contractive, surface stress will be induced.
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Figure 5.2.1: Outlining the organisation of charge between metal atoms in (a)
bulk material, (b) at a clean surface and (c) at a surface in the presence of
adsorbates.

Upon adsorption of an analyte the charge distribution will change again.
The adsorption of electron donors will lead to an increase of the bond charge
between the metal surface atoms and electron acceptors reduce the surface elec-
tron density, thereby leading to a more tensile stress or a release of the intrinsic

tensile stress respectively.
The contributions from all these consequences of adsorption combine to pro-

duce a force, tensile or compressive, in the plane of the cantilever’s surface. The

degree to which the cantilever will bend upon adsorption depends both upon
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the magnitude of these forces and the magnitude of the corresponding elastic

restoring force in the beam.

5.3 The elastic response

In investigating the response of a cantilever beam to surface stress it is important
to look both at the interactions inducing the stress, and at the continuum elastic
response of the cantilever itself to the stress. In this chapter I derive analytical
expressions for the strain energy of a bent beam and its relation to deflection,
curvature and stress with a view to reproducing and predicting a cantilever

response.

5.3.1 A simple beam under pure bending

Py

Figure 5.3.1: Schematic showing the axes and dimensions of a beam undergoing
pure bending.

We have a cantilever beam of length L, thickness i and width b, as in figure
(5.3.1). Consider a volume element X at a height « above the neutral plane of

the beam, which falls at % The beam is bent such that the angle of curvature is
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0 and the neutral plane lies on a radius of curvature R. Element X will have an
initial length of L = R and an increased length post-bending of Lx = (R+x)6.
So, during bending, the element X has been stretched through an elongation of
xf. (Were the element to have been chosen as lying below the neutral plane it
would undergo compressive rather than tensile stretching and this elongation
would be negative.)

The strain associated with this elongation is

f
=

ex = (5.3.1)

Thus, the strain energy per unit volume for our chosen volume element X is

Ustx _ 1E’€X2 _ E'x2%62

Tt —~7 (5.3.2)

with B/ = %, where E is the Young’s modulus of elasticity of the beam
material and v its Poisson ratio.

If the thickness of this volume element is dz then its volume is simply Vx =
L.b.dx so we can write the strain energy for element X as

B E'2260%bdx

Ustx = =57 (5.3.3)

So, in order to find the strain energy due to the bending for the whole beam,

we need to integrate this expression over the full thickness.

h
z EB'220%b
E'2%0%0]%  E'b0%h

Uy = {6L ]_h == (5.3.5)

which, if we take R = L/0, we can write as,

E'bLh3

Uy = ———. 5.3.6
b T24R? (53.6)
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Equated to the contributions to the increase in surface energy described
in the previous sections, this gives an expression for the total energy of the

cantilever-adsorbate system of

Utot = Uads—ads + Uads—sub + Ust~ (537)

5.4 Calculating a stress

By virtue of the fact that » = a(1 + %2), where h is the thickness of the

cantilever, an expression for each contribution to the total forces on the surface
of the cantilever can also be written in terms of the initial, pre-deformation,
separation of adsorbed atoms, a, and the radius of curvature, R, associated
with the increase/decrease in separation due to the various interactions.

The value of a obviously varies to some extent across adsorbate species;
in most cases reasonably accurate values can be found in the literature. To
convert the system specific a into that set of pairwise distances that come from
the arrangement of adsorbates across a cantilever’s surface and dictate the sum
of forces due to adsorption I have written a model in Mathematica 8.0 [25],
herein referred to as the lattice model.

The lattice model works simply by generating an array of points to represent
the individual sites of adsorption, the coordinates of which correspond to the
coordination (hexagonal, honeycomb, square etc) of the monolayer in question,
spaced according to a for the particular adsorbate.

Coverage of the ‘adsorbates’ on this theoretical representation of the can-
tilever is controlled by assignation of one or zero, populated or vacant respec-
tively, to each member of the lattice array.

In equilibrium, there will be no net force on the beam. So, differentiating
equation (5.3.7) with respect to the radius of curvature, R, and setting equal to
zero, we can solve for R.

As we have the elastic restoring force of the cantilever already in terms of

the radius of curvature, we can equate them to give,

58



E'bhPL

Ftot(R) = Fadsfads(R) + Fadsfsub(R) + 7121%3 = O7 (541)

where F,gs—qas and Fgs—sup are the forces due to the interadsorbate inter-
actions and the adsorbate-substrate interactions respectively.

Once a value for R is established, it gives us a corresponding value for the
angle of curvature and, as can be shown from the schematic in figure (5.3.1),

the deflection, §z, of the beam, which is obtained using

0z = R(1 — cos()). (5.4.2)

Using this result, with the known geometric and material properties of the
cantilever we can use Stoney’s equation (2.3.8) to estimate the value of the
surface stress induced by a specific system. Knowing that the radius of curvature
of the cantilever can be approximated as R = % enables us to rewrite (2.3.8)

in terms of the deflection of the free end of the beam, §z, as

E t25
1_v) 12"

1
Ao ==
773

As an example here, the next sections will look specifically at the system of
a decanethiol monolayer. I will perform these calculations for a full monolayer
of decanethiol, so in the lattice model each member of the array will be assigned
the value of one, corresponding to an occupied adsorption site on the cantilever.

The lattice model T designed in Mathematica [25] is used to calculate all
contributions to equation (5.4.1) for the particular specifications of decanethiol,
as detailed in the following sections. The restrictions on the size of lists that can
be manipulated, imposed by the memory limitations of the computer used to
perform the calculations, meant that the inter-event distances were calculated
from a model lattice of 2000 sites. In comparison to an actual cantilever which,
for molecules of decanethiol’s size, can hold of the order of 10*! molecules, the
edge effects will be more significant. As those molecules at the edges are of a

lower coordination, this will manifest as an underestimation of the overall stress
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response.

5.5 Alkanethiol monolayer

Alkanethiols, apart perhaps from methanethiol about which there is much dis-
cussion in the literature [112, 113, 114, 115] and which is a point of some
contention, readily adsorb from either gas or liquid phase onto an Au surface
[116, 117, 118, 119]. Alkanethiols consist of a thiol head group, which takes
advantage of the stable covalent bond formation between S and Au to anchor
the molecules, a carbon chain which can be varied in length, and a terminating,
or tail, group that can be chosen in order to target specific binding proteins or
chemical reactions [120, 121, 122, 123, 124, 125, 126, 127] or to give the mono-
layer different properties. For example an alkanethiol monolayer terminating
in CH3 will be hydrophobic and anti-fouling, whereas an OH terminating SAM
will be hydrophilic and demonstrate a good binding affinity to proteins [116].
They are relatively simple to prepare and form stable, reasonably well under-
stood monolayers, making them very attractive to the nanodevices industry.
On a (1 x 1) Au(111) surface with interatomic separation of 0.29 nm, alka-
nethiols with long carbon chains will generally form a (\/3 X \/E)R?)Oo lattice,
corresponding to a sulphur separation of 0.499 nm and a chain tilt angle of 30°
away from the surface normal.

At room temperature, alkanethiols with less than six carbons have been
shown to preferentially form a c(4 x 2) superlattice [128]. Exact details of this
structure are disputed in the literature [129, 130, 131], but may involve much
smaller S separations [132], where the orientation of the headgroup S-C bond is
altered to compensate to hexagonal close-packing of the chains. As I'm making
comparison with experimental results for chain lengths greater than this, I will
be performing calculations based on a straight (v/3 x v/3)R30° lattice, which
dominates for the longer alkanethiols, and is explained diagrammatically in

figure (5.5.1).
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Figure 5.5.1: Showing the (v3 x v/3)R30° lattice formed by alkanethiol
molecules on the Au (111) surface, where the Au atoms are represented by
the large blue circles and the S atom at the head of the alkanethiol by the
smaller black circles, and the tilt of 30° reportedly due to the van der Waals
interactions between adjacent chains.

The thiols initially physisorb at terrace edges and defects and then across the
Au surface. The S-H head of the alkanethiol will then undergo bond scission
in order to chemisorb to the Au atoms. The exact adsorption sites on the
surface are still under discussion, with investigations in the literature debating
suggestions including hollow [133, 134], bridge [113, 135] and atop sites [136,
137], and combinations of all three [105, 118].

They initially adsorb into a lying down configuration at low densities, until
denser areas on the gold surface form which can nucleate into vertically config-
ured, or ‘standing’, domains, from which a full, well-ordered monolayer can form
[105] at a coverage of ~ 0.33 ML. In reality, on an Au surface, the monolayer
will never be truly ‘full’ due to the well documented [116] formation of etch pits
and vacancy islands, but that should just translate to the theoretical values here
slightly overestimating the response as they assume a complete, flat monolayer

covering the entire surface.
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Atom 4 o (A) e (kJmol™1)
S(SH) 20.45 | 3.550 0.250
CH,(CSH) | 0.18 | 3.905 0.118
CHs 0.00 | 3.905 0.118
CHs 0.00 | 3.905 0.175

Table 5.6.1: OPLS parameters from the liquid phase, taken from Fartaria et al
[138].

5.6 Stresses for decanethiol

Adsorbate-adsorbate interactions

For decanethiol, using known literature values for the constituent atoms [138]
which can be seen in table (5.6.1), and using the Lorentz-Berthelot combination
rules for unlike atomic types, o;; = (o4 + O'jj)/Q and €;; = VEii€jj 5 the molec-
ular interaction Lennard-Jones potential can be well estimated by summing all
intermolecular pairwise interactions of the individual atoms and including the
dipole-dipole interaction of u ~ 1.6 De [139] for decanethiol. The separations of
the atoms between each pair are calculated using literature values of C-C, C-S

and C-H bond lengths and angles [140].
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Figure 5.6.1: Interaction potential between two decanethiol molecules as calcu-
lated by summation of pairwise atomic Lennard-Jones interactions and dipole-
dipole repulsion. The potential as calculated (continuous line) is compared with
Pertsin et al’s [141] calculated potential (dashed line).

The resulting interaction curve for two decanethiol molecules can be seen
in figure (5.6.1), which gives a well depth of ¢ = 0.24 eV and an equilibrium
separation of r,,;, = 4.30 ?A, which are comparable with previously calculated
literature values of 0.26 eV and 4.40 A as obtained by Pertsin et al [141]. It is well
documented [105, 116] that a full, ordered monolayer of long chain alkanethiol
molecules adsorbs onto an Au (111) surface into a (v/3 x v/3) R30° lattice, which
translates to a S-S distance of 4.99 A. As this is a considerably larger separation
than the equilibrium separation of the Lennard-Jones potential for decanethiol,
this would suggest a contraction of the surface layer of the cantilever were the
alkanethiols interacting in an upright, parallel attitude, leading to a tensile
surface stress. However, experimental values of absolute surface stress due to
alkanethiol monolayer formation are compressive suggesting that the interchain
decanethiol interaction is not responsible for the surface stress transduction.
A tilt of 30° is observed in full alkanethiol monolayers [118, 142, 143, 144],
bringing the majority of the adsorbed chains within the proximity dictated by
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the Lennard-Jones potential [145].

The sulphur atoms on the surface are not explicitly fixed, in a number of sce-
narios they have been reported to diffuse upon the Au surface [146, 147]. Were
the chain-chain interaction exerting a significant force pulling the alkanethiols
towards one another there is no reason why they wouldn’t adopt a closer packed
lattice upon formation of the monolayer. In fact, given the uncertainty over
where the S atoms prefer to chemisorb, there appear to be hexagonal lattice
opportunities at S separations of 4.35 and 4.43 A that are commensurate with
the underlying Au surface.

Consequently, I will assume that, in the case of these monolayers, the di-
rect intermolecular interaction does not significantly contribute to the observed

change in surface stress.

Adsorbate-substrate interactions

Gold is often used to coat cantilevers due to the stability afforded by the
covalent bonding of thiols to Au. This process results in a polar bond, with
the electron density shifted more towards the sulphur atom. Density functional
theory calculations performed on alkanethiols adsorbed onto gold report [148,
149] a charge transfer of 0.2¢ onto the sulphur atom, where e is the electronic
charge, 1.6 x 1071 C. Bearing this in mind and taking the S-Au distance as
0.24 nm, an average value of those reported in the literature separately by
[137, 150, 151, 152, 114], this charge transfer can be represented as a electric
dipole, normal to the cantilever surface, of ¢ = 0.2e and d = 0.24 nm sitting at
the site of each adsorbate-substrate bond.

Assuming a density of bond dipoles dictated by sulphur separations and
an hexagonally close-packed monolayer results in a compressive stress of ~

—0.14 Nm~! due to dipole-dipole interactions.

There are various literature values for the tensile surface stress on a clean
Au(111) surface with no adsorbates, that vary somewhat in magnitude, but

correspond qualitatively. First principles calculations have presented a value
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of 2.77 Nm~! [153] in comparison with 1.51 Nm™! for semi-empirical methods
[154]. While it is extremely difficult to determine experimentally the surface
stress of a solid, some experimental work has been performed, observing the
lattice contraction of small particles, yielding stress values of 1.18 Nm~! [155]
and 1.54 Nm~! [156] for an Au(111) surface. The mechanism by which this
relates to adsorbate induced surface stress as we are considering it is as follows.
The initial deflection of an Au(111) coated cantilever, whether under a tensile
stress of its own or not, is taken as the zero baseline. When molecules chemisorb
to the Au surface, some of that redistributed charge that is causing the attractive
Au surface atom interaction is once again shifted away from the bulk, to form
the covalent bond between Au and adsorbate head group. This relieves the
intrinsic tensile surface stress associated with the clean Au(111) surface, which,
taken from the pre-adsorption zero baseline, would register as a compressive
surface stress. So, depending on the initial state of the Au surface, an amount
of this intrinsic stress will be relieved by the presence of the electronegative
S atoms, effectively adding to the compressive stress due to the dipole-dipole

interactions.

5.7 Comparison with experiment

Source o Nm™!
Model -0.14 +
Berger et al [56] -0.15
Desikan et al [107] -0.14
Shrotriya et al [108] -0.15
Hanson et al [100] -0.25/-0.8
Godin et al [106] -0.51/-15.9

Table 5.7.1: Table showing calculated values of surface stress for a decanethiol
monolayer as a resultant stress to be compared with literature values.

In most situations a theoretical value for total surface stress predominantly

derived from the Au-S bond dipole interactions appears to agree quantitatively
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with the values from the literature for the stress of alkanethiol monolayer forma-
tion on cantilevers, listed in table (5.7.1). The results are all for the adsorption
of either hexanethiol, decanethiol or dodecanethiol, which, given that the chain
interaction can be neglected, are of a reasonable similarity of length to be com-
pared.

The stand-out values in table (5.7.1) are the larger value from Hanson et al
[100] and both values from Godin et al [106]. These differences in magnitude can
only be speculated on at present, but there are some complementary ideas in
the literature. I suggest that the variation in the magnitude of observed stresses
may be dependent on the release of the tensile stress intrinsic in the Au surface,
to varying degrees.

The amount to which this effect contributes to the measured compressive
surface stress, in each individual experiment, depends upon the state of the Au
surface when the zero baseline calibration is made. If the Au surface is clean to
begin with there will be an increased observed stress due to the release of the
intrinsic tensile stress. If, however, the Au surface has contaminants adsorbed
on it, those contaminants may already have relieved the clean Au stress to an
extent, and the adsorption of the monolayer molecules will simply displace the
contaminants [157], resulting in a lower measured compressive stress overall.
Alkanethiols have a high affinity for Au, and can displace contaminants [158].

Indeed, in the work of Hansen et al [100], the values for the surface stress of
alkanethiol formation on an Au(111) surface, which can be seen in table (5.7.1)
are for different methods of pre-measurement cleaning. The higher stress of
—0.8 Nm~! corresponds to cantilevers cleaned with Aqua Regia (a mixture of
hydrochloric acid and nitric acid), whereas the lower stress of —0.25 Nm™1 is
for cantilevers either cleaned with the less effective oxygen plasma method and
for those left exposed to an ambient air environment for up to 19 days prior to
adsorption.

The values for surface stress obtained by Godin et al [106] were taken from
measurements made within a few hours of the Au layer being evaporated onto

the cantilever, which would, one can assume, provide a clean surface for ad-
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sorption, giving a relatively high ¢ = —0.5 Nm~! value for small grained Au.
They also investigated the effect of ambient adsorbates by exposing Au covered
cantilevers to the lab environment for a week, after which time they measured

! on small grained Au. Although

a compressive surface stress of ~ —0.13 Nm™
Au’s chemical inertness means it stays cleaner than some surfaces, X-ray pho-
toelectron spectroscopy (XPS) measurements revealed the presence of contami-
nants including C and O on the surface of the exposed cantilevers. While Godin
suggested that these findings indicate an increased difficulty in displacing con-
taminants after prolonged exposure to air, they may also in fact be evidence
of the release of Au(111) intrinsic tensile stress prior to adsorption of the alka-
nethiol monolayer.

This idea is in some part strengthened by reports of sulphur and thiol ad-
sorption relieving the surface reconstruction of Au. Clean Au(111) often shows
a reconstruction to a (23 x v/3) lattice, corresponding to a 4.3% contraction of
the surface, which is believed to be a response to the tensile stress of surface
formation [110]. Even a relatively low coverage of adsorbed sulphur, of 0.1 ML
(a tenth of a full monolayer), and of alkanethiols at 0.33 ML, has been shown,
by ultra-high vacuum scanning tunneling microscopy (UHV-STM) studies, to
lift this (23 x v/3) reconstruction from the Au surface [159], suggesting that the
process of adsorption is in itself enough to relieve the tensile stress that led to
the surface contraction.

The massive leap in stress from our value of —0.15 Nm~! to that reported
for dodecanethiol, by Godin et al, of —15.9 Nm™! is purported to be due to
the size of the Au grains on the cantilever’s surface. They postulate that on
smaller grains of 90 nm diameter, where they record stresses of —0.51 Nm™!,
the available areas of Au where a monolayer could develop are not large enough
to lead to the formation of fully ordered monolayers. The c(4x2) superlattice is
observed on the larger grained surface, using ex-situ STM imaging of molecular

resolution. On the smaller grains, there is no such evidence.
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5.8 Conclusions

This chapter has explored the potential sources of surface stress for a cantilever
system with a simple decanethiol monolayer as its analyte. I developed an
analytic model to return an approximate stress range that covers many of the
reported experimental results for such a system available in the literature.

Each individual system of cantilever and adsorbate is different, and while
stresses may have their origins in the same combination of adsorbate-adsorbate
and adsorbate-substrate interactions, the degree to which each contributes to
the final stress profile is highly variable. This chapter has raised the effects of the
state of the underlying substrate, including the cleanliness of the surface and
grain size, but other chemically, structurally and environmentally dependent
factors can exert an influence.

Investigations into the effects of pH look at deprotonation of the analyte
layer, for example carboxylic acid terminated SAMs [54], suggest that the ma-
jority of the surface stress measured is due to the repulsive coulombic interac-
tions between, now charged, tail groups. Differences between the stress response
to double-stranded and single-stranded DNA [101] suggest entropic effects, as
different configurations lead to different steric forces. Bulkier analytes than the
simple carbon chains mentioned here may exert steric forces on each other that
repel, rather than attract, nearest neighbours; an effect possibly compounded
by the ‘water shell’ that results from hydration forces [51, 160].

As in all biological systems, the net effect is only to be found by deconvo-
luting many components of the forces involved, that often work in opposition
to one another. This chapter of the thesis highlights the importance of the gold
substrate’s influence on measured stress. It means an extra level of complexity
is involved in ascertaining absolute values of stress for direct adsorbates. It also
underlines the need to make simultaneous measurements and closely monitor
the entire device setup. In many cases, however, the effect of the SAM is in-
cluded in the baseline from which stress is measured, so the initial state of the

substrate becomes less important.
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In chapter (7) of this thesis, I will explore a system that takes a full mono-
layer as its measurement baseline; that of the antibiotic Vancomycin binding to
monolayers of bacterial cell-wall peptide analogues. In this case, the focus of
interest is on how the Vancomycin interactions drive experimentally measured

changes in surface stress.
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Chapter 6

Connectivity and stress

The previous chapter looked at the potential chemical origins of surface stress
in the formation of an adsorbate layer on the surface of the cantilever. As
outlined in chapter (4), however, there are cases where the stress is the result of
a further layer of analytes binding to the underlying monolayer. In these cases
coverage of the stress inducing events is not necessarily complete across the
cantilever’s surface and the positioning and proximity of the individual events
becomes important; the stress also depends on a geometric factor.

In order to explore how the connectivity of Vancomycin binding sites on
monolayers of D-Ala mucopeptides affects deflection of a cantilever, the lattice
model must be extended to account for coverage of the analytes; allowing each
site to be randomly ‘occupied’ with a probability p.

The rest of this chapter shows preliminary calculations of site percolation
thresholds for the extended lattice model. While forming stress producing net-
works of individual events on a cantilever’s surface is not truly subject to the
strict laws that govern transport percolation, as outlined in the next section, we
believe that it does rely to a great extent on the connectivity of those events.
The percolation results were used to initially test the extended lattice model
and are presented here to highlight some of the important points to remember

when using the lattice model for stress calculations.

70



6.1 Percolation

Percolation is the formation of long-range connectivity in random systems. A
classic example is to consider a porous material with some liquid poured on
top of it. Percolation theory aims to understand the factors that will influence
whether or not the liquid will be able to make its way through the material.

This example can be modelled as a 3-D network of vertices (n by n by n) the
connections between which may be open or closed; situations with probabilities
of p and 1—p respectively. What is the probability that, for a given p, there
exists an open path right through the material?

For an infinite network of vertices the probability that an infinite cluster
(a connected path of open vertices right through the network) exists obeys
Kolmogorov’s zero-one law in that it can have a value of only one or zero.
In this case there must be a critical probability of openness, p., at which the
probability of an infinite cluster forming flips from zero to one. In practice,
even in small networks, this criticality is observable as the probability of an
open path increases rapidly from very near to zero to very near to one, and is

known as the percolation threshold.

6.2 Percolation thresholds

To test out the lattice model setup I attempt to reproduce the site percolation
thresholds of the 2-D square and honeycomb lattices, which are well documented
in the literature [161] as 0.59 and 0.70 respectively. As my lattices are not infinite
in size, I have taken the average of 100 runs at various coverages which should
give me a slight spread around the percolation threshold rather than a discrete
transition from 0 to 1. This spreading effect can be seen in figures (6.2.1,6.2.2)
showing the average of 100 runs for percentages of occupied lattice points from
0 to 100 %. This spreading is not huge and lies around the literature values for
percolation thresholds in both cases.

These calculations only return an integer value depending on whether the
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Figure 6.2.1: Degree of site percolation for 100 configurations at different per-
centages of occupied sites on a square 2-D lattice. The orange points show the
actual percolation threshold of 0.59.
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Figure 6.2.2: Degree of site percolation for 100 configurations at different per-
centages of occupied sites on a honeycomb 2-D lattice. The orange points show
the actual percolation threshold of 0.70.
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lattice has a cluster of occupied sites of infinite connectivity; one that spans
the entire length of the lattice neighbour to neighbour. However, due to the
random population of the occupied vertices it is possible with a finite lattice to
have an extremely highly populated lattice with a lot of connected clusters that
is non-percolating, and at the other extreme a very sparsely populated lattice
with one percolating cluster, as demonstrated for a triangular lattice in figures
(6.2.3) to (6.2.7).

As mentioned in chapter (5), the lattice I will use to calculate the Van-
comycin stress response has only 2000 available sites. Variation in connectivity,
and thus variation in stress, as showcased in figures (6.2.3) to (6.2.7), may have
a significant effects on the results. On the much larger lattice that is afforded by
the surface of the actual cantilever, these effects of variation will be somewhat
smoothed out. For my model, it will be necessary to take the average of many
calculations at the same coverage to find an appropriate estimation of the stress

response. This requirement is further discussed in chapter (7).

Figure 6.2.3: Triangular lattice at an occupation probability of 0.2 showing
many tiny disparate clusters of occupied sites.

What also becomes extremely important when we are thinking about the
connectivity of interacting events is the direction and distance over which those
interactions produce a force. So, in the case of adsorbates that will be exerting
both steric and charge driven forces on each other, the lattice model must be
able to return the number of interactions (viewed as being like the bonds in
straight percolation theory) in each direction (i.e. laterally and longitudinally)

and the distances over which the adsorbates interact, which will depend on how
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Figure 6.2.4: Triangular lattice at an occupation probability of 0.8 showing an
‘infinite cluster’ containing all occupied sites.

Figure 6.2.5: Triangular lattice at an occupation probability of 0.5 showing
many clusters.

Figure 6.2.6: Triangular lattice at an occupation probability of 0.5 showing two
dominant clusters but no percolation.

many neighbours each interaction type will encompass.
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Figure 6.2.7: Triangular lattice at an occupation probability of 0.5 showing an
‘infinite cluster’.

6.3 Application to Vancomycin

How is it then possible to take a complex real-life system, such as the inter-
action of Vancomycin on a cantilever’s surface, to make a first step towards
understanding how those individual chemical events are transduced to a large
scale mechanical action that responds to the geometrical connectivity of those
events?

The system under scrutiny must be deconvoluted into those factors that
likely contribute to the stress, and simplified models of those factors developed
and tested in predicting stress responses.

In the case of Vancomycin bound to a monolayer of bacterial cell wall pep-
tide analogues many factors no doubt contribute to the final result: long-ranged
coulombic repulsion due to the charges on a Van molecule at neutral pH; short-
ranged steric repulsions between the individual Van molecules; interactions be-
tween Van and the monolayer which may be both local to the point at which the
antibiotic is semi-inserted into the peptide layer and longer ranged and mono-
layer mediated, depending on the nature of the underlying peptides and their
ability to communicate stresses.

Since the experimental investigations seem to suggest that the connected
networks of events that induce a stress are likely steric and short-ranged in ori-
gin, the next chapter of this thesis will focus on the direct in-plane interaction
of Vancomycin molecules bound to the terminal fragments of the peptide ana-

logues. The approximate diameter of a bound Vancomycin molecule, as taken

(0]



from the crystallographic data [162], of ~ 13/14 A when compared to the re-
ported intersulphur separation of D-Ala peptides of ~ 7 A [15] would support
a repulsive interaction due to steric overlap, the extent of which will be de-
termined by the ability of the bound Van molecules to structurally rearrange
themselves at room temperature. The next chapter reports how molecular dy-

namics simulations were employed to investigate the validity of these assertions.
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Chapter 7

Vancomycin

The first step must be to formulate a force representative of the in-plane inter-
action of Vancomycin molecules. This form can then be worked into the lattice
model, as described in previous chapters, in order to gain a first approximation
of how varying coverage of bound Vancomycin impacts upon the surface stress

generation and the subsequent deflection of a cantilever.

7.1 The Vancomycin mean force of interaction

The true expression describing the force of interaction of Vancomycin molecules
would be a complicated formulation of all the individual coulombic and steric
contributions from all the atoms involved. Instead, it is possible to use molec-
ular dynamics to describe a force curve between two Vancomycin molecules, by
equilibrating the system at each separation and then allowing it to explore the
configurational space available at a realistic temperature, and thus evaluating
their mean force of interaction at decreasing separations, see chapter (3).

The focus of my interest is on how Vancomycin behaves and interacts with
other molecules of its kind when it is bound to a bacterial cell wall peptide
analogue. It is of interest to me how Van is structured when bound to said

peptide. The file from which I take the structure of what I will refer to as the
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Vancomycin-fragment complex, or simply ‘the complex’, is from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB);
from a file that shows the crystal structure of several Vancomycin molecules
either bound to diacetyl-Lys-D-Ala-D-Ala, acetyl-Lys-D-Ala-D-Ala or diacetyl-
Lys-D-Ala-D-Lactate [162]. The first two fragments are Vancomycin sensitive
and the third Vancomycin resistant. I take my initial input geometry from
the second complex: Vancomycin bound to acetyl-Lys-D-Ala-D-Ala, as seen in
figure (7.1.1). The structures here were determined using X-ray crystallography,
which is generally unable to resolve the hydrogen atoms in protein crystals, so
these were added using DS ViewerPro [163] prior to simulation.

Molecular dynamics programs rely on accurate parameters for those charges
and force constants that describe the specific bonded and non-bonded interac-
tions of atom types.

The structure is taken, as mentioned previously, from the Protein Data Bank
[164]. Partial charges were taken from specifications in the literature describing
a close structural relative of Vancomycin [165]. In the case of Vancomycin, the
majority of the parameters describing the bond lengths, angles, etc. can be
found within the force field specification lists provided with molecular dynamics
programs - parameters previously optimised for similar configurations of atoms.
For consistency, all the parameters I used to develop a FIELD file for the Van-
fragment complexes were taken from the CHARMM topology files, which can
be found on the Mackerell website [94, 95]. The FIELD file itself was compiled
from the necessary parameter and structure input files using DL FIELD [166].

There are some sections of the molecule that are not explicitly parametrised
in the existing literature; ether linkages between benzene rings and between
the main backbone and the glucose group, an amide group attached to a ben-
zene ring via an aliphatic carbon atom and the methyl group attached to the
N-Leucine residue. There are similar systems described in the literature from
which first approximations can be taken, a full list of which is in appendix (D).
Since I am not using the simulations to explore the dynamics of the complexes

and the sections are also limited to some extent by those explicitly parame-
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Figure 7.1.1: Structure of Vancomycin from RCSB PDB, shown with acetyl-
Lys-D-Ala-D-Ala (in red). Coordinates from [162].
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terised sections around them, I will accept this approximation in the simula-
tions. Future work on this project, given more time, would involve validation
and, if necessary, further optimisation of these parameters, following the process
described in detail in [95].

In order to gather information on the energetic interaction of two adjacent
complexes, I explore their behaviour as a pair up to a separation of ~ 50 EA, at
which distance their effect on each other is relatively minimal.

The separation of the complexes is taken as being between the sites that
dictate the constraint of the force calculations. I have taken these sites as the
carbon atoms at the base of the peptide fragment in each complex; the point
where the fragment would connect to the PEG chain that attaches the whole to
the cantilever surface. This is chosen to represent the tethering effect afforded
by said chains, which most likely form the relatively stable, upright layer of the
full monolayer system.

I was first interested in the repulsive forces due to close proximity of the
complexes. As such I placed two complexes in simulation at a distance apart
where they experienced no overlap, at 13.4 A, for the first run. The complexes
were simply shifted so that the constrained carbon atom for the second complex
remained in plane with the first. Subsequent simulations at shorter distances
of separation were then run from the final configuration of this initial run. The
remainder of the force curve was built up by also taking this initial run final
data set and moving the complexes apart with each new simulation.

By using this method of approaching the run of simulations we possibly find
the complex pair in a local energetic minimum corresponding to their configura-
tion in the first run. A way to explore the energetic landscape that might expose
the global minimum of a pair could be to take the complexes to a separation
where their interaction is negligible and incrementally bring them together from
there. However, the global minimum for an isolated pair of complexes is not
necessarily the best representation of a pair of Van molecules on a monolayer.
Other sources of energetic impetus will be provided by the surrounding envi-

ronment and will affect the configurations that the Van molecules can assume,
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as further discussed in the next section.

The simulations will give me a set of values for the forces between the com-
plexes at each separation. The force curve, plotted against separation, is un-
likely to be a smooth one, due to the size and flexibility of the complexes. With
each step it is not only the distances between the atoms of the complexes that
changes, but also their configuration. As the complexes move in relation to
one another, local minima afforded by conformational changes become more or
less available. For a molecule as complex as Vancomycin, with flexible outlying
groups, there are surely many different avenues of approach between a pair of
them. With that in mind, in order to produce a reasonably coherent force curve,
when the complexes are close enough to physically limit each other’s movement
(taken as up to 22 j&) each simulation is started from the final configuration of
the previous run. I've also kept the separation steps small within this proximity
range, to try to ensure that the pair of complexes is following one particular
path of approach. As the separation between the complexes increases, so does
the size of the step, from 0.1 IOX, to 0.2, to 0.4, to 1.0 and finally to 2.0 A.

Each simulation was run in DL POLY 2.19 [97] using the pmf ensemble
(NVE) to calculate the mean force of interaction between the two. At each
separation the pair of Vancomycin molecules plus their D-Ala fragments were
simulated in a vacuum at a temperature of 300K for 2 ns. The first 500000
fs timesteps used temperature scaling to equilibrate the molecules in their new

positions, and statistical information was gathered over the remaining timesteps.
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Figure 7.1.2: Plot showing the mean force of interaction between two complexes
of the antibiotic Vancomycin and acetyl-Lys-D-Ala-D-Ala at varying separa-
tions, as calculated using the pmf ensemble in DL POLY 2.19.

7.2 The force curve

The statistical data I am interested in from the constrained simulations in the
pmf ensemble is the mean force of interaction of the two approaching complexes,
rather than the potential of mean force itself. This mean force can be calculated
from the system constraint virial as described in chapter (3).

The plot in figure (7.1.2) does not show a continuously smooth force curve
describing the interaction of two Vancomycin-peptide fragment complexes, as
was expected due to the energetic landscape surely available to such large and
flexible molecules at room temperature.

The smooth section of the curve, from r ~ 12 to 17 EA, well describes the
interaction around their energetic minimum as a pair. Here the complexes in
simulation are in close enough proximity to hinder one another’s movement, but
not so close as to make large configurational changes energetically favourable.
So, as mentioned in the previous section, this minimum is likely to be a local

one, a point supported by the large changes in mean force of interaction at ~ 12
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and ~ 17 /0&

Figure 7.2.1: Conformation of the Van-complex pair at a separation of 14.2 jo&,
which corresponds to their equilibrium separation, as seen from above (a) and
from the side (b).

Within this separation range the two complexes are in a back-to-front con-

figuration, as seen in figure (7.2.1); one possible orientation of a pair of Van
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molecules bound to the monolayer. Beyond this range, due either to an increase
in configurational energy of the system making new energetic minima available,
or to more space between the complexes allowing thermal excitations to reor-
ganise the molecules, the complexes explore other configurations. An example
of one of the configurational shifts that leads to a large jump in the force curve
can be seen in figure (7.2(a)). This corresponds to the separation between the
two Van-complexes being increased from 17.1 A, in blue and cyan, to 17.3 A,
in red and green; to those values of intermolecular force as highlighted in figure
(7.2(b)). The biggest change in conformation is the movement of the leucine
group on the right hand Vancomycin closer towards the peptide fragment of the
same complex. The vancosamine group on the left hand Vancomycin has also

shifted towards the centre of mass of that complex.
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Figure 7.2.2: Conformational changes of the Van-complex pair in moving be-
tween separations of 17.1 A and 17.3 A and the corresponding points on the
intermolecular force curve (highlighted as red discs).

As the complexes are only constrained by the distance between a carbon
atom in each they are able, particularly under the energetic drive at the closer
separations, to assume configurations that would be physically improbable as

part of a monolayer system. In reality bounds would be imposed on a molecule
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by the tightly packed peptide chains beneath and by the other D-Ala tailgroups
and bound Vancomycin surrounding this adjacent pair.

In actuality, the interaction between two Vancomycin likely lies somewhere
between the sprawling force curve described in the first half of figure (7.1.2) and
that extrapolated from the smooth section of interaction between the back-to-
front complexes around the energetic minimum.

As such, and because the force curve is well-defined around this 7,,in, 1
will take my fit from this part of the data set and in assuming that any such
fit corresponds to the quite constrained back-to-front configuration, will take
results from this fit as something of a first approximation.

Future work will involve simulating Vancomycin molecules within an envi-
ronment more closely resembling the complete monolayer and will explore the

behaviour at close separations in a more realistically constrained environment.

7.3 Fitting the force curve

The simplest way to reproduce the main repulsive and attractive features of an

interaction energy curve is using an n-m potential, as in equation (7.3.1) [97].

=g (o (52 o ()) oa

Where 7,4, is the equilibrium separation, € the well-depth of the subsequent

potential and r;; the distance between the two complexes.

Differentiating with respect to r;; gives the force,

enm rm. rn.
F ) = min_ _ _min , 7.3.2
(riz) ((n—m)) (TZLH ,rlnj+1> ( )

which was used for initial fits to the Vancomycin force data.

The equilibrium separation corresponds to that point where the forces be-
tween the complexes are zero; where the force curve in figure (7.1.2) crosses the
x-axis. The straight line in the force curve around this point, corresponding

to the harmonic section of a potential representative of the interaction of two
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complexes is well-described in figure (7.1.2). If an n-m curve is appropriate as
a first description of the interaction profile, this section of the curve can yield n

and m as well as the equilibrium separation.

Force (kca mol™t A%

T S S S R S SR

12 13 14 15 16 17

Separation (A)

Figure 7.3.1: Figure showing a straight line fit to the force curve around the
point at which it crosses the x-axis. This fit gives an equilibrium separation for

the Vancomycin-peptide fragment complexes of 14.75 A.

A straight line fit to those data points that lie around the point at which
the x-axis is crossed, as seen in figure (7.3.1), gives an equilibrium separation of
14.75 A.

This value for r,,;, was then kept constant and least-squares fits to this
continuous part of the force curve for various integer values of n and m. All fits

were performed using Mathematica 8.0 [25].
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Figure 7.3.2: Figures showing the 3-2 curve fit to the PMF data.

The flexible, extended nature of the Vancomycin molecules makes for an
approach between two complexes that is much softer than the ‘hard-sphere
repulsion’ of smaller molecules. The n-m curve that best describes the curve
around 7, 18 a 2-1 curve, see figure (7.3.2), as dictated by the magnitude of
the sum of the residuals.

Which gives an analytic expression for the interaction force between the two

complexes of,
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7.4 The stress response

Now that an analytic form of a force curve that approximately fits the calculated
data points has been found, this can be incorporated into my Mathematica
lattice model in order to find a first approximation of the stress associated with
the interaction of Vancomycin molecules bound to a D-Ala monolayer.

The Mathematica model is fundamentally the same as in chapters (5) and
(6), but in this case the lattice must be parameterised to, as accurately as

possible, represent the monolayer to which Vancomycin binds.

7.5 Approximations and assumptions

Work undertaken by M. Vogtli using surface plasmon resonance to characterise
the degree of Vancomycin binding to available D-Ala sites gives a value of ~ 40%
for a full, standing monolayer, where 100% would correspond to a one-to-one
ratio of D-Ala to Vancomycin. So when calculating the stress for Vancomycin
binding to a full monolayer of D-Ala, rather than using p = 1 in the lattice
model, I use p = 0.4, and scale the other coverages accordingly.

As mentioned in chapter (6) the diameter of a bound Van molecule can
be approximated to ~ 13/14 A. The corresponding radius would suggest that
Vancomycin molecules are able to bind to immediately adjacent D-Ala sites
(see next section for peptide separation details); the slight discrepancy that
may exist between the D-Ala separation and the repulsive dimensions of the
complexes supports a steric mechanism for stress induction.

In the model the lattice represents a complete, hexagonally close-packed
monolayer of D-Ala peptides. While there much support in the literature for
alkanethiols forming hexagonal lattices [145, 167, 168], the much bulkier and

asymmetric tail group on the D-Ala peptides raises questions around whether
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they would find their lowest energy configuration in such an arrangement. How-
ever, until further research, both theoretical and experimental, is done on the
precise nature of monolayers of these bacterial cell-wall peptide analogues, 1
shall assume an hexagonal lattice.

A theoretical lattice construct that corresponds to a complete, standing
monolayer is not wholly accurate either. In reality, as mentioned in previous
chapter (5), the surface will be comprised in part of etch pits, vacancy islands
and the discontinuity of Au grain boundaries [169, 170]. The effects of these
features on the stress response [106, 107| warrants closer investigation, but is
beyond the current scope of this thesis. For the time being I will assume that
their presence will predominantly be a matter of altering the magnitude of the
surface stress, rather than significantly changing its nature.

I have also assumed within this iteration of the lattice model that the ac-
tive D-Ala sites can occupy any vertex on the lattice completely randomly. In
actuality the mixing of the PEG and D-Ala on the cantilever’s surface may
be subject to preferential or cooperative adsorption behaviour that results in
clumps of active and inactive monolayer. Increased knowledge about the nature
of the underlying monolayer is really important in the development of a truly

representative surface stress model.

7.6 Peptide separations

XPS measurements made by Ndieyira et al [15] of a D-Ala monolayer show
an inter-sulphur separation of ~ 7 A for a peptide footprint of 44 AQ, when
the peptides are chemisorbed in a close packed hexagonal configuration, which
corresponds to around 2x 10! peptides per cantilever at a full coverage of p = 1.
Subsequent XPS measurements and calculations performed by M. Vogtli show
some variation in the density of peptides packed on gold, placing the separation
of adjacent D-Ala within a standing monolayer as being between 6 and 8A.
The intermolecular distance of two adjacent D-Ala molecules within a range

suggested by these experimental investigations are in good agreement with val-
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ues I have obtained from preliminary simulations.

As a starting point in investigating the nature of the monolayer I have sim-
ply run simulations on two adjacent D-Ala molecules in vacuum at increasing
separations from 4 A to 17 A in order to build up an interaction curve between
them.

All calculations were performed using the molecular dynamics package
DL POLY 2.19 [97]. The equilibrium atomic configuration of D-Ala as it would
be in a monolayer was taken from energy minimisation calculations performed
by M. Sushko. The force field for the D-Ala molecules again used CHARMM
[140] parameters and was constructed using the program DL FIELD [166]. In
order to get an idea of the interaction curve for two molecules in a monolayer, the
head group S atom, the uppermost C atom, and the C atom of the CH3 group
at the end of the lysine arm were held frozen in order to hold the molecules
roughly in the shape they would adopt in the monolayer. See figure (4.0.1)
for the structure of D-Ala. Each setup is equilibrated for 1000 steps and then
further run for 40,000 steps at a temperature of 300K, resulting in the interaction
potential that can be seen in figure (7.6.1). Each value for interaction energy
here is taken as the energy of two D-Ala molecules together minus twice the
energy of a single isolated D-Ala, i.e. Fj;,; = E(2D-Ala) — 2(E(D-Ala)). The
curve suggests an energy minimum between the two peptides in a separation

range of ~ 6.5 —7.5 A.
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Figure 7.6.1: Interaction curve for two D-Ala molecules in a vacuum, as calcu-
lated by DL POLY 2.19. [97].

7.7 Commensurate separations

If the D-Ala peptides form a hexagonally close packed monolayer, with a sep-
aration of a ~ 7 A it makes sense to find out which separations lying within
a range around that value can form hexagonal lattices that are commensurate
with binding sites in the underlying Au substrate.

As mentioned in chapter (5), the preferential adsorption position for S on a
(111) Au surface is a subject under ongoing investigation. So for the purposes
of these calculations I will be assuming that the S atom at the head of the D-Ala
peptides is able to adsorb to any one of the suggested hollow [133, 134], bridge
[113, 135] or atop [136, 137] sites on the Au (111) surface, as they seem to differ
little in energy [105].

Allowing for some uncertainty in the calculations to find the molecular area
of a standing D-Ala peptide, I calculated a list of all those separations on the
lattice that fall between 6 and 8 108, see appendix (C). By plotting the occupied
positions that yield the allowed separations, it is possible to see immediately

those that can form a hexagonal arrangement of adsorbates.
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(b) Separation of 7.3 A

Figure 7.7.1: Hexagonal patterns of adsorbed S on an Au (111) surface, com-
mensurate with binding to the available substrate sites.

The interpeptide separations of 6.7 A and 7.3 A, see figure 7.7.1, falling as
they do within the predicted range from experiment and simulation, are the
distances between vertices that I will use in the following calculations with the

lattice model.

7.8 Calculation details

The results are obtained in the same way as for the decanethiol monolayer,
although in this case the monolayer substrate interactions play no part in trans-
ducing the measured differential stress, as the system is already in equilibrium
with a full D-Ala monolayer. Any bending resulting from that equilibration is
taken as the baseline from which Vancomycin induced bending will be measured.

Stress values were calculated for lattice occupation values of 0.01, 0.02, 0.03,
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0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.2, 0.3 and 0.4.

One point to be remembered when looking at these theoretical results is that
they are averages of many calculations. This is necessary as, as previously men-
tioned, when ‘events’ are able to occur randomly on a lattice, and the coverage
is less than p= 1, then different configurations will lead to quite different inter-
action connectivity for the same coverage. This is an issue because the program
provides a rather small, let alone finite sized, lattice environment, and so these
variations in configuration are not averaged out within the system itself, as is
the case in purely theoretical, infinite percolation [161].

In order to get statistically valid results from the lattice model I have taken
the average value for stress over many runs at each coverage. 600 runs for each
data point was enough to bring the standard error for each stress value within

5+ 2%.

7.9 Fitting the stress results

The average value, from 600 different random configurations, of total stress at
a Vancomycin coverage of p= 0.4, taken as corresponding to a full underlying
D-Ala monolayer with a peptide separation of 6.7 A, is 0 = —110.06 mNm™1!.
This is in reasonable agreement, within an order of magnitude, with the exper-
imentally determined value of ¢ = —34.6 = 0.9 mNm~! as averaged over more
than 100 measurements for a full D-Ala monolayer and a Vancomycin solution
concentration of 250 M.

When run with a peptide separation of 7.3 1(-)\, however, the model shows no
bending of the cantilever, even at those configurations at full coverage that yield

the highest stress values for the 6.7 A setup.
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Figure 7.9.1: Calculated stress, and standard error, induced by varying coverage
of D-Ala peptides in a mixed monolayer, upon exposure to Vancomycin.

Those averaged stress results for the peptide spacing of 6.7 A and decreasing
coverage, p, can be seen in figure (7.9.1).

I fitted equation (4.1.1) to the theoretical values obtained from the 6.7 A
peptide spaced monolayer, using parameters defined in [15]. Fitting with a max-
imum stress response at saturation of a = —110.06 mNm~! and a dissociation
constant of Ky = 1.0 £ 0.3 uM gives a percolation threshold of p. = 0.003,
compared to that obtained by Ndieyira et al, of 0.075 £+ 0.09 , and a = 1.15,
compared to o = 1.3 + 0.3, as can be seen in figure (7.9.2). The theoretical
values for p. and « fall within the experimental uncertainty of Ndieyira et al’s
findings, and what small differences there are between my results and those in

[15] I believe to be a consequence of the current simplicity of the model.
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Figure 7.9.2: Showing the fit of equation (4.1.1) to the calculated stress values
for Vancomyecin.

7.10 Conclusions

Using the inter-complex force curve from MD simulation and the lattice model
for cantilever site coverage, I obtain a saturation stress for a full D-Ala-Vancomycin
covered cantilever, 0 = —110.06 Nm ™!, a percolation threshold, p. = 0.003, and
an exponent for the power law describing the stress signal increase with coverage
beyond p., a = 1.15.

The surface stress result, o, is within an order of magnitude of that deter-
mined experimentally for the system in question and p. and « both lie within
the range postulated from experimental observation in conjunction with model

represented by

[0
Ao — @ [Van)] P — D,
“ Kg+ [Van] \ 1 —p,

The stresses documented above are the result of an interaction potential that
can be decomposed into two main contributions: steric and electrostatic. These

contributions differ in the way they behave across the lattice. The electrostatic
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interaction is long-ranged, whereas steric interactions take place over the range
of nearest neighbours.

As the force curve was obtained from simulation in vacuum there is the
possibility that the electrostatic contribution is overemphasised. In buffer, the
strength and reach of the electrostatic interaction would be tempered by a degree
of screening due to ions in the solution surrounding the cantilever. A reduction
in the electrostatic part of the force of interaction at the surface may reveal a
larger pe.

Any more detailed representation of the interaction of bound Vancomycin
however, must also acknowledge that the ‘nearest-neighbour’ steric Van to Van
repulsion will be coupled with a longer range, monolayer mediated effect due to
insertion of the antibiotic into what is after all not a static, rigid lattice, but an
extremely flexible layer of biological molecules. The magnitude of this effect will
depend on the orientation of the Van on the monolayer and the configuration
of the peptide layer.

The change in response from the 6.7 A lattice spacing to 7.3 A highlights
the predominance of steric repulsive forces in eliciting a beam response. It also
underlines how knowledge of the structure and spacing of the underlying D-Ala
monolayer is crucial to calculating a realistic stress response and yet this is
something that remains fairly uncertain.

All the above being said, as a first approximation, this simplified model
returns a saturation surface stress within an order of magnitude of that measured
experimentally, and a stress to active peptide coverage relationship that agrees
with the model postulated in [15], accounting for experimental error. This is an
encouraging start to theoretically quantifying and predicting stress responses of
cantilever-adsorbate systems, and another step towards true understanding of
what governs the process at a molecular level.

The next steps in refining this model and further avenues of investigation
suggested by this work are outlined in chapter (10).

The strength of a final model will come from accurately representing each

part of the whole cantilever sensor setup, biosensitive active layer, beam, envi-
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ronment and measurement system included. With this in mind the next two
chapters look, respectively, into the elastic response of the beam to a differential
surface stress in greater detail, and into some of the challenges and opportunities

presenting by the operating medium for a cantilever in its dynamic mode.
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Chapter 8

The beam response

While the main thrust of this thesis is towards better understanding the molec-
ular basis for stress propagation on the surface of a cantilever, modelling the
elastic response of the beam accurately is just as important in developing a
truly representative model; both for quantitative analysis of any response, and
to maximise said response for measurement.

In this chapter, I make some initial investigation into how the materials and
active surface patterning can be exploited to increase a cantilever’s sensitivity
to surface stress.

I look at the geometric and material ‘figures of merit’ for the sensitivity
of a beam to simple, pure bending, and to torsional bending. I then explore
how changing the pattern of the Au active surface on a beam can affect the
ultimate deflection, either positively or negatively in terms of the magnitude

the response.

8.1 Maximising the bending response

The analytic formulation for a bending beam, in chapter (5), can be explored
quite simply to uncover some geometric or material ‘figures of merit’ for im-

proving the sensitivity of a cantilever to surface stress. In this section I derive
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analytical expressions for the deflection, curvature and sensitivity to stress for a
beam undergoing pure bending along its long axis and look at those geometric
and material factors that can immediately improve a cantilever’s performance.

We look again at the expression for the strain energy of a bent beam,

E'bLh3
Ust - 24R2 ) (811)
which we can write as 3/R?, and define 3 as
E'bh3L
= . 8.1.2
=0 (8.1.2)

We now consider a layer (surface) added to the top of the beam. The layer’s
unstretched length is L = R as before, but this time the stretched length will
be Ly, = (R+ %)0 giving an elongation of %9.

The elongation of layer L leads to an increase in area of b%@ so the increase in

energy corresponding to the stretching of the surface is

~ bhbo

Usu , 8.1.3
5 (8.1.3)

where o is the surface stress. The expression, as before, can be written as
. _ bhL
a/R with a = *52.
So, for the beam, the total energy increase due to bending is
p

!
Uiot =Usu +Ust = = + = 8.1.4
tot + Ust R+R2 ( )

We can determine the expressions for the radius and angle of curvature of
the beam by minimising U;,; with respect to R,
dUyot T 26 -

= == _ 1.
dR R?2 R 0 (8.1.5)

— % = —a. (8.1.6)

Giving us the following expressions:
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’ Substrate material \ E (GPa) \ L:t (pm) \ % mN~!
Silicon 165 500:0.9 0.0150
Silicon dioxide 75 250:0.5 0.080
Silicon nitride 200 250:0.5 0.030
Gallium arsenide 85.5 250:0.5 0.070
Tungsten nanorod 410 45:0.1 0.067
SU-8 4.02 200:2 0.075
Polyimide 7.5 375:2 0.075
Poly-methyl methacrylate 4 375:2 0.141
Polypropylene 1.45 375:2 0.388
Polystyrene 3 375:2 0.188
Nanoclay and Nylon composite 2.83 375:2 0.245
Single carbon nanotube 1 1000 2:0.0012 8.333
Single carbon nanotube 2 1000 100:0.0011 | 495.868

Table 8.1.1: Table of commercially available or literature referenced examples
of materials for use as nanocantilevers, with their corresponding sensitivities to
surface stress.

E'h?
R =

o’ (8.1.7)
6Lo
0= ok (8.1.8)

These expressions can be manipulated to yield important information about
the usability of a cantilever. For example, the sensitivity of a cantilever response

to changes in surface stress is

9 _ 6L
do ~ E'h?

(8.1.9)

8.1.1 Maximising deflection for a simple beam

Values for the sensitivity of nanocantilevers developed using some of the cur-
rently commercially available materials are listed in table (8.1.1).
The values for Young’s moduli (E) and aspect ratios are taken from the

references [171, 172, 173, 174, 175, 176]. The length to thickness aspect ratios
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that T have listed are either typical from the literature or those commercially
available.

Sensitivity of a nanocantilever to changes in surface stress is primarily de-
pendent upon the elastic modulus and thickness of the substrate material.

Due to their relatively low E and advances in affordable and repeatable
manufacturing processes such as injection molding, polymers would seem to be
ideal candidates for microsensors. Polymeric cantilevers can be produced with
a thickness of ~ 2 pum and with many polymers exhibiting Young’s moduli
less than 50 times that of those materials generally used for nanocantilevers
(silicates/gallium-arsenide)[171, 173], yield a much higher sensitivity to surface
stress. However polymers are, on the whole, much more sensitive to changes in
their environment, for example nylon demonstrates a reduced elastic modulus
on prolonged exposure to water and photopolymers can become brittle after
exposure to E-M radiation. The biggest challenge to overcome with polymeric
cantilevers is the effects of temperature. While the thermal expansion coefficient
of silicon is on the order of 3.2 ppm per °C, a typical polymer ranges from around
50-100 ppm per °C [174], so fluctuations in a response due to temperature
variation becomes significant.

Another integral requirement of microsensors is a high degree of specificity
dependent on the cantilever surface. Polymeric cantilevers, advantageously,
can be directly functionalised. For example SU-8 is an epoxy photoresist that
crosslinks via photon-initiated epoxy group ring opening on the monomers. Un-
reacted epoxy groups on the surface of the SU-8 structure can then be utilised
as binding sites [175].

General practice with silicon-type cantilevers is to coat the substrate in a thin
layer of gold, as thiols (which act as linking molecules to bind the appropriate
analyte) have a high affinity for gold surfaces. The addition of a gold layer
leads to a stiffer cantilever and more pronounced temperature instabilities due
to lattice mismatch between the layers. An opportunity to move away from this
practice could lead to improved microsensor performance. However, processes

such as the self-assembly of thiol monolayers directly onto a polymeric surfaces
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are potentially less controlled than onto gold and the effects on sensor response
would have to be fully investigated.

Two sensitivity values in the table above obviously stand out; those for
the single carbon nanotubes (SWCNTS) are so much higher than for the other
materials. This seems odd considering how stiff SWCNTs are, with a Young’s
modulus of around 1000 GPa, but arises from their extraordinary stable aspect
ratios [172]. CNTs can be used as AFM tips, where the end of the CNT is
functionalised directly using the carboxyl groups present at the open ends [176].
One of the major problems with using CNTs is the lack of control over their
growth. The interpretation of results from microsensors is often largely based on
assumptions of fixed conditions between sequential experiments, which might be
difficult to achieve using CN'Ts. However, the potential of lesser used materials
such as those mentioned here certainly warrants further investigation.

As mentioned briefly before, another potential way of maximising a can-
tilever’s response lies in manipulating the bending response of a cantilever
through patterning of the gold or the analyte-specific layer on the surface. There
has been some investigation in the literature into how the positioning and length
of the active strip along the long axis of the beam affects its simple bending re-
sponse [177], and this is something I will be looking at in more detail in section
(7.1(b)). First, though, I will look at how moving away from the simple beam
bending setup and instead inducing a twist of the cantilever due to adsorption

comes to bear on the measurable deflection and sensitivity to stress.

8.2 A simple beam under bending: surface pat-
terning leading to twisting

Consider a square cantilever of diagonal length L (a side length \/§L/2 and
thickness h, as represented in figure (8.2.1)). Patterned with gold on the upper
surface in a stripe across the diagonal, such that the gold extends a distance w

up and across the cantilever from the left-hand bottom corner and a distance w
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Figure 8.2.1: Schematic showing the axes and dimensions of a selectively pat-
terned beam.

across and down from the right-hand top corner. Patterned on the lower surface
with a stripe on the diagonal of the same area, joining the opposite corners.

I assume that an addition of energy resulting from adsorption to the gold
stripe AC will result in an increase in surface stress across the whole beam
and therefore pure bending across the whole beam in the direction A to C. Let
us consider the bending on this square along the diagonal AC, ignoring for a
moment any contribution from the stripe BD.

Let us adopt a coordinate system where the y-axis is along the diagonal AC,
the x-axis is perpendicular to the neutral plane of the beam and the z-axis is
along the diagonal BD.

Let us consider a volume element of the beam X at a height x above the
neutral plane of the beam and a distance z from the diagonal AC but running
parallel to it. This element will have initial length y(z) = R6(z) and an increased
post-bending length of yx(z) = (R+z)0(z). So, during bending, element X has
been stretched through an elongation of x6(z). The strain associated with this

elongation is
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(8.2.1)

As the whole beam is experiencing the same pure bending at any point z
from the diagonal the radius of curvature will be the same for that element’s

specific length and degree of curvature. Thus we can write

ex = F (8.2.2)

Which gives a strain energy per unit volume for element X of

U 1 E'z?

If it has a depth dz and a width dz then element X has a volume y(z).dz.dx.

So the strain energy for element X is

'
Ustx = W, (8.2.4)
where y(z) = (L — 2z) for a square.
So, for the whole beam, the strain energy due to bending is
E [% 3
Ust = Rz /_g x dx/_g(L —2z)dz, (8.2.5)
/
Uy = %. (8.2.6)

The increase in energy associated with the stretching of the surface active
layer is equal to the surface stress for the beam, o, multiplied by the increased

area which for an element of area on the surface, element D say, is %dez =

h‘;’—g)dz. So the area increase for the whole beam is
T p hL?
— (L —2 = —. 2.
/;L or\b %)= 5 (8:27)

2

And the increase in energy due to stretching of the surface can be expressed
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as

hl?c
Usy = )
2R

(8.2.8)

Now sum these energies, differentiate with respect to R and set to zero to

find an expression for the radius of curvature,

2F'h?
R= 120 °

(8.2.9)

The displacement due to bending for any element will be § = R(1 — cos(0))

Working through this for the stripe on the bottom alone works out exactly
the same.

If we include the effect of the anti-stripe on the lower surface of the beam
and the stripe on the upper surface things come out a little different, which I
will go through in detail later. However, if we consider that the values we really
want to get out from this calculation are the displacements due to bending for
the corners C and D, then if we recognise that because the diagonal AC bisects
the diagonal BD then the action of each stripe on the diagonal has no effect on
the action of the other stripe on the other diagonal. Of course, in saying that I
have neglected the tangential effect of the stripes. But as the tangential effect
of one stripe is in direct competition with the lateral effect of the other (for the
section of the beam that they both cover) then the angle through which the
diagonal AC is bent simply needs to be corrected by subtracting w (the width
of the strip BD) from its length.

But, in order to get R, we need to know the new strain energy of the beam.

For the same element X, x above the neutral plane of the beam (for the upper
stripe’s bending, and x below for the lower stripe’s effect), it is experiencing
strain in both y and z directions.

For the y-direction

RO(z) — (R +2)0(2), (8.2.10)

106



so the strain is

20(z) =z
= = — 8.2.11
€yXx (Z) R ( )
For the z-direction
Rdf — (R — x)db, (8.2.12)
so the strain is
—xdf —x
= ——= 21
€2X dz R (8 3)
Therefore the strain energy per unit volume of the element X is
UX 1 ) 2 EISCQ

The volume of the element is y(z).dz.dx. Which gives a strain energy for

the whole beam of

L—w

E (%, 2 E'R3L(L — w)
Ust = 53 /} x dx/ L (Lm22)de = —— (8.2.15)

3
The increased surface of the active layers, top and bottom, will be twice that
before, so the total energy of the beam can be written
E'RL(L—-w) hLl?c o p

_ 2 2 2.1
Utor 12R2 TR R ' R2 (8.2.16)

You can see from this expression that, when the width of the strip, w, is
equal to the length of the side of the square, L, the strain energy term goes
to zero. This makes sense, as the effects due to both faces of the beam will
be in direct competition, exerting equal and opposite forces, and the resultant
displacement will be zero.

By minimising Uy, with respect to R we find an expression for the radius

of curvature,
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_ E'R(L —w)

R 6Lo

(8.2.17)

And, from this we determine the sensitivity of the angle of curvature to

surface stress, as

2

% = E’hfé—w) (8.2.18)

For a square beam of silicon, with dimensions 320 x 320 x 0.9 ym and a
patterned strip width of 150 pm (giving approximately the same volume and
active region area as the silicon beam in the previous example), this results in a
sensitivity of 0.027 mN~!. The curvature for a given stress is similar to that for
a simply bending beam. However, the value we would actually be measuring in
this case would be the angle through which the free end of the cantilever has
rotated.

If each corner is deflected from the undeformed position by J, assuming very

small deflections, the angle of rotation about the midpoint of the end of the

beam will be

o~ arctcm(%a), (8.2.19)

which, for the square beam I am considering and, as an example, the de-
canethiol monolayer formation stress of 0.14 Nm~! from chapter (5), corre-
sponds to an angle of ~ 0.2°. This response could be exaggerated, however, by
increasing the separation of the corners of the free end, for example extending
the part of the beam that is being monitored far beyond the active body of the

cantilever; so there is no increase in the strain energy, but ¢ is maximised.

8.3 Effect of area of SAM: length of active surface

Recent work in my group at the London Centre for Nanotechnology, performed

by J. Bailey and V. Turbe, aimed to use Micro Contact Printing (uCP) tech-
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niques to study the geometric dependence of stress transduction, by patterning
the cantilever with sensitive SAMs in a variety of ways. Their first results were
for a setup with Mercaptoundecanoic acid (MUA) as the active ‘ink’ and Un-
decanethiol (UDT) to fill in the gaps. Terminating in a COOH group, MUA
is responsive to changes in pH, whereas the CHg terminating group on UDT is
not and as such, with its structural compatibility, fulfills the role of control in
stress transduction experiments. Increasing pH will, through deprotonation of
the MUA terminating oxygen, change its net charge to —1, leading to repulsive
electrostatic forces across the surface of the cantilever. Under the influence of
these titration experiments UDT will remain unchanged and can therefore be
used to try and eliminate erroneous stress responses due to non-specific events.

Cantilevers functionalised both in capillaries and by pCP were fully charac-
terised using scanning electron microscopy (SEM) and atomic force microscopy
(AFM) techniques, and by studying the wetting properties of treated cantilevers.
They found a good response to the patterning, producing cantilevers that were
fully coated and a range of others with varying surface coverage from both the
hinge end and free end.

Capillary functionalised cantilevers, displaying full monolayers, show a dif-
ference in stress response between MUA and UDT coatings of —10.745 mNm ™!
upon experiencing a change from pH 4.8 to pH 9.0, showing good agreement
with previous work [54].

These investigations were extended to look at how changing the geometric
coverage of the ‘active’ MUA SAM on a cantilever affects the bending response.
They took several measurements for cantilevers that had been patterned with
MUA sections that covered the whole width of a cantilever, but varied in length
along its long axis. This was done by increasing the length of the MUA section
from the hinge end of the beam outwards and from its free end inwards. The
two regimes show markedly different behaviour as the length of the section is

increased, as in figure (8.3).
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Figure 8.3.1: Figure showing the difference in behaviour experimentally ob-
tained stress values for cantilevers patterned using puCP with varying lengths
of ‘active layer’ extending from the hinge outwards (in red) and the free end
inwards (in blue). The green markers are values of stress obtained from two
separate cantilevers functionalised using microfluidic capillaries. Reproduced
courtesy of J. Bailey.

Extending the MUA coverage from the hinge end outwards results in larger
surface stresses that follow a roughly linear increase, but the same extension of
MUA from the free end inwards shows a pretty negligible stress response even
up to a coverage of around p= 0.7. In order to begin to explain this behaviour
I will extend the figure of merit work on a bending beam from section (5.3.1) to
one that may be bending with different radii of curvature in different sections.

If we consider a beam of length L. = L, + Lo with sections L; and L coated
with different SAMs, they both induce a different curvature in their respective
beam sections. See figure (8.3.2) for a schematic of the setup. We can see that,
assuming pure bending in each section, the end deflections, y; and yo, of each

section from their unstressed starting positions are given by,

y1 = Ri(1 — cos(61)), (8.3.1)
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Figure 8.3.2: Schematic of a beam bending in two sections with two different
radii of curvature; R; and Rs.

and, similarly

y2 = Ra(1 — cos(62)). (8.3.2)

However, because the curvature of the first section of the beam means that
the second section’s unstressed starting position is at an angle to the horizontal,
finding the end deflection of the entire beam is more involved than simply adding
these deflections. We need an expression for d, seen in figure (8.3.2), which will

be

d = 2esin(c+ ¢2), (8.3.3)

where

c=m—a—0b— ¢, (8.3.4)
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i = 8.3.5
sin(a) = 1, (535
— 1 —
_ Rl R1< 008(91)) 2008(91),
Ry
and
™ — 02
b= . 8.3.6
. (5.:3.6)
Then as the chord of arc length L,
Ly
2e = 2Rgsin | — 8.3.7
e 28in <2R2) , ( )
S0
L -0
d = 2Rysin | — ) .sin (7 — sin™*(cos(61)) — T—72), (8.3.8)
2R, 2

For a beam experiencing no curvature in the second section we can see that

this expression would collapse down to

Anocurve = La.5iN <g — Sin_1<COS(91))) . (8.3.9)

So, using the expressions for the deflection for the first section of the beam
and the effective deflection, d, of the second section of the beam, we get an

expression for the total deflection, h of

h=wy+d, (8.3.10)

h = Bi(1— cos(01)) + 2Rasin (QLPD sin (77 — sin~(cos(8y)) — "= 92) .
(8.3.11)
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Figure 8.3.3: Normalised stress response of a cantilever as the active region is
extended along its length, from the hinge outwards (in red) and from the free
end inwards (in blue), as calculated using the model derived in this section.

Which all goes to zero when neither section is experiencing any curvature,
as it should.

Plotting the response for the hinge and free end regimes, see figure (8.3.3)
we can see that for extensions from the hinge end, while the curve describing the
changing end deflection of the beam is not linear, it is increasing in a manner that
could appear linear within experimental error bars. The curve showing the stress
development as the active layer coverage is extended down the cantilever, while
initially increasing slowly, does suggest that a deflection should be measurable
much earlier than a coverage of p=0.7.

The figures (8.3.4) show the fit of the model derived here to the experimental
data for two situations. Subfigure (a) is calculated with the stress for the fully
active layer covered beam taken as the average of the two, distinct, capillary
functionalised responses. Subfigure (b) is for a fit to the lower value of those
two stress responses. Both versions of the model fit show qualitatively similar
behaviour to the experimental data. However, the fit to the lower value for full

coverage stress is much better quantitatively, particularly for those results due
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to patterning from the hinge end (in red). This suggests that those monolayers
formed by pCP may correspond to a stress response at the lower end of the
possible range for monolayers of this kind.

The correlation with the experimental data points for varying MUA cover-
age from the free end is not so close. The position of the data point at 0%
coverage, where the error bars do not include the 0 stress baseline, suggest that
these results may be offset by a common factor, possibly a consequence of an
environmental factor or the nature of the MUA /UDT monolayer.

The importance of the underlying monolayer is once again underlined in
these results. Both the method, and therefore mechanism, of adsorption and the
positioning and segregation of adsorbates on the cantilever can have a significant
effect. It is of great importance that the monolayers on the beam are properly
characterised and controlled if the results obtained from the technology as used

in this manner are to be meaningful and reproducible.
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Figure 8.3.4: Plots showing calculated stress responses of cantilevers as the
active region is extended along its length, from the hinge outwards (in red)
and from the free end inwards (in blue). Plotted alongside experimentally ob-
tained values for a full coverage stress, to which the values are normalised, of
10.05 mNm~? (a) and of 6.1 mNm~! (b). Data points reproduced courtesy of
J. Bailey.
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8.4 Effect of area of SAM: width of active surface

Another regime was explored by J. Bailey and J. Ndieyira during their measure-
ments with UDT and MUA monolayers. They patterned one cantilever with
a single stripe parallel to the long axis of the beam, that corresponded to a
coverage of p &~ 0.2 — 0.3. This thin strip of MUA produces a deflection of the
cantilever that corresponds to a surface stress of ~ —10 mNm™!, suggesting
that a coverage this low can give rise to approximately the same signal as a
fully covered beam.

One suggestion as to how this can be the case is to look at the beam as
bending biaxially; taking into account now the stress tangentially across the
beam as well as that longitudinally, which is in fact closer to reality, but has
thus far been considered immaterial to the end deflection of the beam. The
suggestion is that the tangential curvature of the beam stiffens it to longitudinal
stresses, resulting in a lower end deflection. As an active, or stress producing,
strip running down the length of the beam is narrowed, while the number of
individual interactions will go down, the degree of bending tangentially across
the cantilever will also reduce. It is possible that the opposing nature of these
two effects could hold the end deflection of a cantilever approximately constant
for even quite a large reduction in the width of the active strip.

In order to explore whether this hypothesis is valid I first approximate the
cantilever as a biaxially bending beam with no end support, as the finding an
analytical formulation for a beam of this sort held fixed at one end would be an
extremely complicated undertaking. The simple formulation I shall be deriving
as a preliminary investigation here will follow a very similar set of steps as in
section (5.3.1).

The expression for the strain energy in a deformed plate, as derived by

Landau and Lifshitz [178], is

E' v
Up=— (& + ——— ¢ 8.4.1
t 2 (elk + (1 _ 2]/) 6”) ’ ( )
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summing over indices, where ¢;; are the components of the strain tensor and
¢;; the diagonal components, E’ is the biaxial modulus of elasticity and v the
Poisson ratio of the beam material.

Assuming no shear within the beam, and that, undergoing pure bending, the
only strains across the beam correspond to either a compression or extension
dependent on the distance from the neutral surface. If we set the coordinate
axes such that the z-axis is the long axis of the undeformed beam; the y-axis is
perpendicular to this and in the plane of the undeformed beam; and the x-axis
is normal to the undeformed beam, then the strains we must consider are those

due to extension/compression in the y- and z-directions

2z ) 8.4.2
€= = R (8.4.2)
x

where z here is the height above, or indeed below, the neutral surface of the
beam; R is radius of curvature; and the subscripts L and b specify whether it is
the curvature along the length, L, of the beam, or across the width, b.

In the case of interactions on the thricely symmetric Au(111) surface, we
can assume an isotropic stress and, therefore, equal radii of curvature along and
across the beam, i.e. Ry = R, = R. This simplification results in an expression
for strain energy for a volume element X a distance x above the neutral surface

of

E (2?2 2 v x2 v z2
SV r il 8.4.4
Ustx = 3 (R2+R2+(1—2V)R2+(1—21/)R2) (844)

K 22 n 2uz?
2 \R2 (1-2v)R?

E (2-2
_ ( V)$2.

T 2R2 (1-—20)

And for the entire beam
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E (2—2v) hiz o,
P e Oy da, A.
Ust = e (1= /_h/zx ’ (8.4.5)

where Lbdz is the volume of element X,

E'(2 — 2v)Lbh3

Uy = .
T TuR (1 - 20)

(8.4.6)

The increased area on the upper surface of the beam due to biaxial bending
is the area post-deformation, ((Ry + (h/2))0L)((Ry + (h/2))0s), minus the area
of the undeformed beam, R0 R0, which gives

(h/2)29L95 + ROL(h/2)0y + RyOp(h/2)01, (8.4.7)

which, if we say that the first term is of second order of smallness and can be
neglected, gives an expression for the increase in surface energy due to bending

of

Usy, = o(h/2)(LO, + b0y), (8.4.8)

where o is the surface stress (in units of Nm~1). This can also be written in
terms of the radius of curvature as
hoLb

Uy = . 8.4.9
i (8.4.9)

Summing equations (8.4.6) and (8.4.9), differentiating the expression with
respect to the radius of curvature and setting equal to zero gives us an expression
for the radius of curvature in terms of material properties and the increase in

surface stress

E/(2 — 2v)h?

A= a )

(8.4.10)

Now if we consider varying the width of the layer that is introducing the
increased surface stress to the beam, so that it still runs the length L of the

beam, but now at a width f < b. In this case, the radius of curvature of the
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Figure 8.4.1: Plot showing the dependence of radius of curvature, R, on the
width of the strip upon which the surface stress is acting of the radius of cur-
vature of a beam considered to be bending only tangentially (dotted line) and
one considered to be bending biaxially (thick line).

beam will be equal to

E'(2-2v)h%(b+ f)

=i -2

(8.4.11)

In figure (8.4.1) I have plotted the radius of curvature of a beam of silicon
(E" =150 GPa, v = 0.28) with the same dimensions as the IBM cantilevers [15]
used in the majority of experiments referred to in this work; 500 x 100 x 0.9 pm.
In this simplified model of the cantilever bending, adding in the effect of the
tangential curvature on the end deflection of the beam does indeed reduce the
curvature of the beam along its long axis at a full-width coverage of the active
layer. In figure (8.4.1) this can be seen as an increase in the radius of curvature
for the biaxial model. When biaxial bending effects are included it can also be
seen that, as the width of the active strip is reduced to nothing, the radius of
curvature increases at a slower rate than for the simple singly axially bending
model. For the simpler model the difference in radius of curvature as the strip’s

width is reduced from f =bto f = % is AR = 2.03, whereas the same reduction
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for the biaxial model leads to AR = 1.66. To put it more clearly, halving the
width of the active strip results in the beam response dropping to 50% of that
for a fully actively covered beam when only the curvature along the long axis
is considered in the model. However, if one also considers the curvature across
the cantilever, the response is a reduction to 67%.

Investigation into the potential effect of biaxial bending on the cantilever re-
sponse is still in its preliminary stages here. However, the simple model appears
to suggest that further exploration might yield important information about
the elastic response of the beam, in order to better analyse measurements and
even ways in which the devices could be optimised in terms of sensitivity. The
next step with this work would be to include the effect of the support, which
would most likely involve performing numerical finite element analysis (FEA)
calculations to find approximate solutions of the equations governing this more

complex bending pattern.

8.5 Conclusions

In this chapter I have begun to explore some of the variables that affect a
cantilever’s performance; the impetus from here must be not only on how to
improve sensitivity, but also on ascertaining how the assumptions brought to
bear on the current model for cantilever deflection hold up to reality. This
includes looking at how the hinge section of the cantilever affects performance,
the effect of bending in the transverse as well as longitudinal direction and how
positioning, patterning and mixing of the ‘active’ chemical event sites on the
beam translates to a stress effect.

Silicon based cantilevers are currently prevalent, exploiting the well devel-
oped commercial miniaturisation of similar products, as silicon chips for the
computing industry. This chapter presented some evidence for the merit in ex-

ploring different materials, as well as geometries and functionalised patterning.
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Chapter 9

Operating in viscous media

Biosensors, by their nature, often have to operate in varied environments that
impact upon their mode of action. Whether it be the effects of ionic charge in
the buffer solution in which they are immersed for measurements to be taken,
or the potentially degrading effects of prolonged exposure to high temperatures
or light through their actuation and transduction mechanisms, consequences of
the environmental particulars of each scenario must be fully understood and
accounted for in any theoretical model describing a biosensor response.

In this chapter I focus on one of the most urgent environmental considera-
tions for the operation of nanocantilevers in their dynamic mode of action (see
chapter (2)); the rheological properties of the operating medium.

I explore the effectiveness of two models developed by Sader et al [179, 180]
in accounting for the effects of the flow field around a vibrating cantilever in a
medium that is both dense and viscous. This is done by applying the models
to frequency responses for nanocantilevers, of various aspect ratios, in ethanol
and water solutions of different dilution, as obtained by members of my group
at the LCN.

By examining the changes to the frequency response and working back, as it
were, to use these data to ascertain values for the density and viscosity of each

solution it is possible to gain a measure of the validity of both models and the
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factors that can cause them to break down: where theoretical predictions show
significant deviation from the actual behaviour of the system.

I first give some context for these measurements and characterise the the-
ory behind each model. The relevant theory is then applied to R. Paxman’s
experimental results and discussed, along with some preliminary ideas on the
potential for the technology and models’ incorporation into point-of-care mea-

surement systems.

9.1 Background

Examining the resonance frequencies of the normal modes of a vibrating can-
tilever can provide valuable information on changes to the medium in which the
cantilever is vibrating and on changes to the cantilever itself. Changes in the
density and viscosity of the medium in which a cantilever operates will result
in a shift in the position of the peaks in the cantilever’s resonance spectrum
[181, 182].

Elucidating the manner in which viscous fluids truly affect a vibrating can-
tilever is complicated by the coupling of the effects of hydrodynamic loading
and viscous drag, particularly when using beams on the nanoscale which could

potentially enter the low Reynold’s number regime [183].

9.1.1 Reynold’s number

Reynold’s number can be defined in slightly different ways. When one refers to
a ‘low Reynold’s number regime’, it is generally with one’s mind on the ratio
between the convective, time-independent inertial term of the Navier-Stokes

= pT”b, where

equation and the viscous term [184]. This yields the expression R

p is the density of the medium, 7 its viscosity and v and b the velocity and

dominant length scale respectively of the object immersed in said medium.
This expression is useful conceptually, as a value of R >> 1 indicates domi-

nating inertial forces and a value of R << 1 indicates dominating viscous forces.

122



For a typical cantilever, such as those used in the experiments described in
this report, of width 100 pm oscillating at a fundamental frequency of =~ 700
Hz at an amplitude of ~ 500 nm in water, we get a value of R =~ 1.5. So the
systems that I am interested in are subject to non-negligible contributions to
flow behaviour from both inertial and viscous forces.

However, for an oscillating beam it makes more sense to describe the flow
field using a Reynold’s number, Re = % where w is the angular frequency,
derived from the ratio of time-dependent inertial forces to viscous forces.

This second expression is what I mean to refer to as ‘Reynold’s number’ in

all of the following, although it is sometimes referred to as the Valensi number

in the literature [185].

9.1.2 Measuring rheological properties

The main reasons for considering cantilevers as potential density and viscosity
sensors are their ability to perform rapid in-situ measurements and their need for
only small sample volumes and probing areas. Traditional rheometers generally
need a relatively large, specific setup to measure fluid properties. For example,
those that force fluid through a capillary and monitor either flow rate or pressure
[186]. Or those that use the drag forces on objects moving through viscous
fluids, such as concentric rotating cylinders [186]. That a cantilever can be
excited to oscillate thermally, and thus has no need for electrical contacts like
piezoelectrically activated quartz crystal microbalances [187], is more promising
for incorporation into LOAC devices [188, 84, 189).

Many models to describe media-induced damping of a cantilever’s motion
have been formulated that consider the medium to be inviscid in nature, i.e.
there are no viscous forces on the beam [190, 191, 192, 193, 194, 195|. And
indeed, for cantilevers down to about a millimetre in length, shifts in resonant
frequency for most fluids have been found to be primarily dependent on the
density of the fluid [196]; drag due to viscosity can be viewed as negligible.

However, while this assumption can hold in many scenarios, as we approach
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a low Reynold’s number environment there is significant breakdown between
theory and experiment [190, 191].

Significant work has also been done on models that include viscous effects
but approximate the beam as a sphere [197, 198, 185]; discounting the specifics
of geometry.

Models also exist that describe the 3-dimensional flow field around a can-
tilever beam accurately [199, 200], but using rather inaccessible numerical and
computational techniques, which make them harder to incorporate into appli-
cations.

In the next sections I will be introducing two analytical formulations devel-
oped by J. Sader and C. Van Eysden. The first provides a model that accounts
for a cantilever’s cross-section explicitly and includes a viscous contribution to
hydrodynamic loading [179]. T will be exploring where this model breaks down
and its extension, via the second model, to account for the marked damping

dependence on the vibrational mode number [180].

9.1.3 The frequency response

Figure 9.1.1: Schematic outlining the axes and labelling of a cantilever beam
executing flexural oscillations in the x-z plane.

Consider a cantilever of rectangular cross section, length L, width b and
height h executing flexural oscillations with deflection in the z direction, as in
figure (9.1.1). For the moment we aren’t considering the torsional modes of

vibrations and are assuming that the two modes of vibration are not coupled in
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any way. The governing equation for elastic deformation of such a beam can be

written as

0*w(w,t) O?w(x,t)
EL ot Mo

F(z,t) = (9.1.1)

where w(x,t) is the deflection function along the length of the beam, E is
the Young’s modulus, I = bh3/12 is the moment of inertia for a rectangular
beam, u = p.bh is the mass per unit length of the beam, F(x,t) is the external
applied force per unit length, p. is the cantilever density and x and ¢ are the
spatial and temporal variables respectively.

For this cantilever setup (one fixed and one free end), the boundary condi-

tions are:

(9.1.2)

The external applied load on a cantilever vibrating in a fluid can be separated
into contributions from the driving force exciting the resonances in the beam
and the hydrodynamic loading due to the fluid flow around the cantilever as
it moves. The expression below depends on frequency instead of time, it is
convenient to Fourier transform the governing equation in order to solve it to
find the resonant frequencies, equation (B.0.28), and so I refer to the external

force as frequency dependent.

F(2,0) = Fhydro(,w) + Fipive(2,w) (9.1.3)

The hydrodynamic term, shown below, is derived from the Navier-Stokes
equations [201] and corresponds to the force due to loading on a beam in an
inviscid fluid with an additional factor, I', quantifying the relative importance

of inertial and viscous forces,

Fhydro(T,w) = %pWQbQI’f(w, n)w(x,w) (9.1.4)

125



The hydrodynamic factor is dependent on the frequency of oscillation, w,

through the Reynold’s number

B pwb?

R .
e 1

(9.1.5)

Sader has shown that when assuming low dissipative effects, the frequency
response of a cantilever in a viscous medium can be well approximated by a
simple harmonic oscillator (SHO). In such a regime the resonant frequency w of

mode n and the quality factor @) are given by

1
. b? 4
:R’ — (1 + Wlfu Fr(me)> : (9.1.6)
4p
— T Fr WR,n
Q, — o F Lrlorn) (9.1.7)

Ti(wrn)
which can be solved simultaneously to find both the density and viscosity of
the medium in which the beam is resonating.
In the following sections we explore two models developed to find an analyti-
cal expression for I to describe the velocity field around a vibrating cantilever: a
2-D flow field that corresponds to an infinitely long beam, the extension of that
model to a 3-D flow field and the break-down point at which the two diverge.

Throughout we will be making the following assumptions.

e The cross section of the beam is uniform along its entire length

e L > b>> h (which could prove problematic for some devices and will be
discussed at greater length later in this chapter). L > b in order that the
approximation to an infinitely long beam is appropriate; L > h in order
that we are able to use classical beam theory [178] to describe motion of the
cantilever, were % to approach 20 or less shear would play a non-negligible
role in the problem and we would have to instead use Timoshenko beam

theory [202] or similar.

e The amplitude of vibration is smaller than any of the length scales of
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the beam (Since this is the case we can assume that nonlinear convective

inertial effects are negligible compared to linear effects.)
e Internal dissipative effects in the beam can be ignored
e The fluid can be considered incompressible

e Dissipative effects due to the fluid are negligible: i.e. Q-factor is > 1. This
constraint dictates how well the approximation of the cantilever to a simple
harmonic oscillator fits with reality. While some of our quality factors
approach 1, there are none that fall below unity, and so we can consider

the SHO approach to be appropriate, with only slight reservations.

9.1.4 The hydrodynamic function

Model 1, developed by J. Sader in the late nineties [179], presents a correction
term for the exact analytical result for the hydrodynamic function I" for a beam
of circular cross section. By approximating a beam of rectangular cross section
as an infinitely long beam of identical cross section this model can be applied to
the fundamental (and next few harmonic) modes of said beam, provided that

L > b. The hydrodynamic function developed in this model is:

Trect (@) = Q)T eire(w) (9.1.8)

4iK; (—iViRe)
ViReKo(—iViRe)
tions of the third kind, and

where I'gjre(w) =14 and the Ks are modified Bessel func-

Qw) = Qp(w) + i (w), (9.1.9)
corresponding to the numerical corrections [179].

9.1.5 An extended model

This second model [180] is an extension, by C. Van Eysden and J. Sader, of
Model 1 (9.1.4) to account for the 3-D nature of the flow field. As mode num-
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ber increases, the longitudinal distance over which the velocity field varies ap-
proaches the dominant length scale of the aforementioned model, which is the

width b of the beam. This can be accounted for by including a second parameter

in the hydrodynamic function, the ‘normalised mode number’, kK = C’n% where
C, is the nth positive root of equation (B.0.27).

The model is formulated such that when x < 1 the result corresponds to
that for oscillations of a rigid beam. For larger values of « the results obtained
correspond to sinusoidal oscillations. It is important that the model varies with
k rather than just the mode number, n, as the geometry of the cantilever also
affects the fluid response.

In this model the Reynold’s number differs by a factor of 4, Re = p‘;—bz,
as this definition appears in the exact analytical solution as obtained from the
linearised Navier-Stokes equation [201].

When considering the full 3-D flow field around the beam, the hydrodynamic

function, I'; quantifying the subsequent load on a cantilever, can be written as

I (w,n) = 8a (9.1.10)

and is obtained by solving the linearised Navier-Stokes equation for the os-
cillations of a flexible thin blade of infinite length.

The coefficient a; can be found by solving the following system of linear

equations:
1, ¢g=1
SN (A, + AT g = “— (9.1.11)
0, g>1
742q71 2 3/2
/| e Y [ / , (9.1.12)

q,m \/ﬁ TG

og+m—-1g—m+1
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ARe _ _,22%5 G2l | & —iRe 1/2
m VII 13 16
0og+m—2qg—m
. (9.1.13)
24a—1 G%;, K“—iRe 1/2
1
VI 0 og+m—-1g—m+1

where the Gs are Meijer functions [203].

The time it takes to find I' from these equations depends upon the size of
the matrix in equation (9.1.11), which is dictated by M. M must be increased
until the result for I is converged to within the desired accuracy. Convergence of
these analytical solutions has been systematically explored in [204]. They find an
approximate analytical expression, an M.itical that achieves a 99% convergence
in results, of Meritical & Max(1 4 /&, 2v/Re). The Re and £ at which we are
working do not necessitate huge matrices, however calculation times stretch to
over 20 minutes. While this can be considered an acceptable time to wait for a
result as a researcher sat at a powerful computer, it severely limits the model’s

applicability to in-situ, point of care measurements.

9.2 Application to water-ethanol solutions

While these models have their uses in predicting the changes to an oscillating
beam’s resonance frequencies upon immersion in a fluid, we are interested here
in working the other way; in using measured frequencies and quality factors and
knowledge of the geometric and material qualities of the beam to elucidate the
rheological properties of the fluid. Namely the density p and viscosity 7, which
are included in the equation of shifted frequency in the Reynold’s number.

To test the viability of the models R. Paxman looked at solutions of water
mixed with varying amounts of ethanol. Cantilevers of four different geometries
were used to obtain the results: the Array cantilevers (500:100:0.9 pm); the
Long Veeco (400:30:2 pym); the Medium Veeco (200:30:2 pm); and the Small
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Veeco (100:30:2 pm).

The error bars on the plots in figures (9.2.2) and (9.2.3) are there to give
an indication of how much results can vary from measurement to measurement.
The bars show the effect of the variation of frequency and quality factor over
multiple measurements for each cantilever. 24 measurements (three arrays each
with eight cantilevers) were taken for the Array cantilevers; three measurements
for the Long and Medium Veeco cantilevers and two measurements with the
Small Veeco cantilever.

There may be a small degree of variability between the solutions for the Array
and Veeco measurements, as they were taken on separate days and the solutions
remixed. However, both the Array and Veeco measurements were completed
within separate 36 hour periods, during which there was no appreciable change
in temperature (kept at the laboratory working temperature of 20°C). So you
can see that even within a controlled environment, there could be a high degree

of uncertainty, particularly on a single measurement.

9.2.1 Applying model 1

Implementation of the extended model to the data acquired from ethanol/water
solutions of 0, 20, 40, 50, 60, 80, and 100% ethanol content is achieved using
a Mathematica algorithm to solve equations (9.1.6) and (9.1.7) for density (p)
and viscosity (n). For this set of calculations the hydrodynamic function is
formulated as in equation (9.1.8).
The data in figures (9.2.2) and (9.2.3) have been plotted with the spatial
_ 2L

wavelength of the oscillating cantilever, Aeg = <5, against b on the abscissa to

clearly demonstrate that the model becomes less applicable for higher modes.
9.2.2 Discussion

Looking back at the model we see that there is no explicit dependence on the
mode number, n, of the resonance peak. However, a different mode shape, with

a different number of nodes, as can be seen for the first four modes in figure
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(9.2.1), directly impacts on the motion of the surrounding fluid.

Higher flexural modes have more nodes along the length of the cantilever,
they are experiencing smaller deflections than the first mode. As a result, they
are moving less water around with them, their hydrodynamic load is less [191].
But the 1998 model has no dependence on mode number and therefore overesti-
mates the hydrodynamic load on the cantilever at higher modes. The deviation
of the model from reality can be seen in figures (9.2.2) and (9.2.3), and is par-

ticularly clear for the density results.
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Figure 9.2.1: Mode shapes as described by a vibrating cantilever.

So the main drawback in using this model is that it contains no explicit de-
pendence on the mode order. For an arbitrary mode, far from the fundamental
resonance, the model is not representative, as it doesn’t account for the pos-
sibility that the velocity field’s length scale of variation along the longitudinal
axis of the cantilever could approach the dominant length scale of the problem,

taken in this instance as the cantilever’s width, b.
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A similar breakdown at higher modes can be seen in work by Maali et al
[200], formulated in a similar way from the approximation to an infinitely long
and thin beam. In this paper the breakdown is shown as an added mass value
and a damping coefficient, and calculated up to mode 8.

Of course, this only becomes an issue should you want to use modes of n >>
1. Most measurements in the literature use only the first, and occasionally the
second, mode to obtain information on the rheology of samples. Measurements
of the viscosity of sucrose have been obtained to within 5% of literature values
using the first mode [205, 206], and comparable measurements for water, ethanol
[207] and even complex fluids [87]. Simultaneous measurements of viscosity and
density have been obtained for a wide range of gases and liquids [208], and even
for water/ethanol solutions [209], but using the simplified generalised sphere

approach, not accounting for cantilever geometry or mode number.
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Figure 9.2.2: Densities for a range of water/ethanol solutions, as calculated by the model outlined
in section (9.1.4). Values shown for the Array cantilever (red), the Long Veeco cantilever (green), the
Medium Veeco cantilever (orange) and the Small Veeco cantilever (brown). The literature density
value is given by the thin blue line.
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Figure 9.2.3: Viscosities for a range of water/ethanol solutions, as calculated by the model
outlined in section (9.1.4). Values shown for the Array cantilever (red), the Long Veeco cantilever
(green), the Medium Veeco cantilever (orange) and the Small Veeco cantilever (brown). The liter-
ature viscosity value is given by the thin blue line.
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But utilising higher modes can be an attractive approach for several rea-
sons [210, 200, 211]. For example, in applications that use tapping mode AFM,
operating at higher modes has proved more sensitive to the mechanical proper-
ties [212] and surface charge density [213] of a sample. As you move to higher
modes, the quality factor of oscillation will significantly increase [214] which
means the approximation of the beam to a simple harmonic oscillator, made
in section (9.1.4), is more accurate. Also, recent work by Dohn et al [60] into
deconvoluting both the mass and position of more than one particle attached
to an oscillating cantilever, shows the necessity of obtaining information from
as many modes as there are degrees of freedom in the problem.

These limits are acknowledged in the Sader paper [179], where they expressly
point out the applicability of the model only to the fundamental and next few
subsequent modes, and accounted for in a later paper by C. Van Eysden and J.
Sader [180] where they have included a parameter directly dependent on mode
number, x, and looked at the 3-D variation of the velocity field in the medium.
Application of this newer model, which is further described in section (9.1.5),
to our experimental results should eliminate this drift away from the true p and

1 as we explore higher modes.

9.2.3 Applying model 2

Implementation of the extended model to the data acquired from ethanol/water
solutions of 0, 20, 40, 50, 60, 80, and 100% ethanol content is achieved using
a Mathematica algorithm to solve equations (9.1.6) and (9.1.7) for density (p)
and viscosity (n). For this set of calculations the hydrodynamic function is
formulated as in equation (9.1.10).

The results in figures (9.2.6) and (9.2.7) show the densities and viscosities
calculated using this extended model, alongside the original results calculated
in section (9.1.4). For those cantilevers whose only measurement was of the
first mode, the difference between the results from the two models is minimal,

as to be expected. However, if we look at the results for the Array cantilever,
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which has measurements for modes 1, 2 and 3, the increasing difference in the

calculated results as we move up the modes can be clearly seen.

9.2.4 Discussion

To illustrate the discrepancies between the two models, figures (9.2.4) and (9.2.5)
show the percentage difference between Model 1 and Model 2 for the real and
imaginary parts of I' respectively, plotted against the ratio of effective wave-
length of the beam’s oscillatory motion to its width. The breakdown between
Model 1 and Model 2 can be clearly seen as Aeg approaches the width of the

beam.
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Figure 9.2.4: Figure showing the percentage difference in the real part of the
hydrodynamic function between Model 1 and Model 2 plotted against the ratio
between cantilever effective wavelength and width.
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Figure 9.2.5: Figure showing the percentage difference in the imaginary part of
the hydrodynamic function between Model 1 and Model 2 plotted against the
ratio between cantilever effective wavelength and width.

For example, for the real part of the hydrodynamic function from Model 1
to agree with Model 2 within ~ 10%, the effective wavelength of the beam must
be ~ 15 times larger than its width. This requirement is violated at n = 3
for the Long Veeco cantilever. For the other cantilevers this threshold is passed
much earlier, as a shorter A.y¢ can be due either to an increased mode number
or to cantilever length. In the case of the latter, however, other important
considerations come to bear on the situation.

While the Long Veeco cantilever results are mostly consistent with the lit-
erature values for density and viscosity, the cantilevers of lower aspect ratio
deviate to a varying degree. This effect, that as the cantilevers become shorter
the model’s accuracy in describing the response decreases, is brought about by
the deviation of the actual set-up from those assumptions required to success-
fully approximate our beam to one of the same cross-section but infinite length.

At small ratios of length to width, both the governing equation for the elas-

tic deformation of the beam, equation (9.1.1), and the expression for the force
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due to loading, equation (9.1.4), are no longer formally exact [190]. Addition-
ally, dissipative effects become more important for shorter beams [207] and the
approximation to a SHO is not valid. Thus, at small aspect ratios the models
break down and results from calculations are unreliable. This is quite possibly
what we are seeing with some of the shorter cantilevers in this study, and means
that even including mode number dependence, as in the second model, will still

yield incorrect values for p and 7.
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Figure 9.2.6: Comparison between densities calculated using the model outlined in section (9.1.5)

(solid discs) and those calculated using the model outlined in section (9.1.4) (empty circles). Values
shown for the Array cantilever (red), the Long Veeco cantilever (green), the Medium Veeco cantilever
(orange) and the Small Veeco cantilever (brown). The literature density value is given by the thin

blue line.
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Figure 9.2.7: Comparison between viscosities calculated using the model outlined in section
(9.1.5) (solid discs) and those calculated using the model outlined in section (9.1.4) (empty circles).
Values shown for the Array cantilever (red), the Long Veeco cantilever (green), the Medium Veeco
cantilever (orange) and the Small Veeco cantilever (brown). The literature viscosity value is given
by the thin blue line.
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There is value in looking in detail into two different breakdown models with
regards to the theoretical formulations outlined in this chapter. To explore
systematically how the hydrodynamic functions of the two models diverge with
K, so applications wishing to exploit the simpler and faster first model have a
clearer idea of what mode a cantilever of a certain aspect ratio may operate in
without a significant deviation in I". Also, a rigorous study of when the analytic
expressions describing the beam’s deformation and loading become unusable, so
as to place a firm lower limit on the length of cantilevers used for such purposes
as these.

A potential application of the first breakdown model is outlined in the next
section of this chapter. The amount of experimental data points presented in
this report are not, to my mind, comprehensive enough to formulate the second
breakdown model. However, this is a direction that might be explored with

more measurements, taken systematically with cantilevers of varying lengths.

9.3 Reducing the computing time

In order to eliminate the lengthy calculation times involved in using Model 2,
but to retain the accuracy of said model, it is sensible to formulate a simpler
function that accounts for the discrepancy between Models 1 and 2. This is
done by taking the following steps.

First, the hydrodynamic function I', as described in Model 1, is calculated
for a range of Re (107%-10%) that comfortably covers the range of density and
viscosity in which we are working. The same is done for Model 2, but of course
this time we calculate " over a range of Re and of k, with x varying from 0
to 20. By subtracting the Re dependent I' values of Model 1 from those for
each value of k of Model 2, we discover how the difference between the models
depends upon rheology and the dimensions of the beam. We know the width
and length of the beam and, by measuring the frequency and Q factor of the
beams various modes in the medium, can use Model 1 to find the Reynold’s

number.
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We calculate the hydrodynamic function for the measured properties accord-
ing to Model 1. This value is referenced back to the calculated list of I for the
model and yields a value for Re.

Now, equipped with both x and Re we can look up the correction term for
the hydrodynamic function, as calculated previously.

This corrected I' can be substituted back into Model 1, and the whole solved
for p and 7.

The results can be seen in figures (9.3.1) and (9.3.2), as compared with those
calculated using the full Model 2 formulation. The approximation is good, with
all values of p from the interpolating function lying within 5% of the Model 2
values and the majority of values of n within 10%. They are all calculated in
a fraction of the time as well. The time taken to find p and 1 using Model
2 is dependent on the size of the matrix in equation (9.1.11). So, the biggest
cut in calculation time will correspond to the data set with the highest value of
either k or Re, which is that for the first mode of the Small Veeco cantilever in
100% ethanol. While the full calculation for this data set takes over 20 minutes,
the approximated value is found in under 0.5 seconds. Even for the quickest
calculation using Model 2, that for the first mode of the Array cantilever in
water, the calculation time drops from 27 seconds to just over 0.1 seconds.

The next step to be taken with this would be to extend the approximate
model to media of different Reynold’s numbers and ascertain how well it copes
with measurements taken for much higher modes of n >> 1. Having access
to more experimental data, for a range of media and cantilever geometries,
would also enable the formulation of an easily applicable breakdown model to
inform design and incorporation of cantilevers operating in viscous and complex

biological media into point of care devices.
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Figure 9.3.1: Comparison between densities calculated using the model outlined in section (9.1.5)
(empty circles) and the approximated values (solid discs). Values shown for the Array cantilever
(red), the Long Veeco cantilever (green), the Medium Veeco cantilever (orange) and the Small Veeco
cantilever (brown).
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Figure 9.3.2: Comparison between viscosities calculated using the model outlined in section

(9.1.5) (empty circles) and the approximated values (solid discs).

Values shown for the Array

cantilever (red), the Long Veeco cantilever (green), the Medium Veeco cantilever (orange) and the

Small Veeco cantilever (brown).
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9.4 Conclusions

This chapter explored the ability of two models for the viscous flow around a
cantilever to account, separately, for the density and viscosity of water-ethanol
solutions of different strengths, and the difference in quantitative accuracy be-
tween the two of them. Although the data set is not as large as it could be, it can
be clearly seen that not accounting for mode number in the model has an ad-
verse effect on the results. Perhaps more important, since many measurements
are made using only the first mode of vibration, the aspect ratio of the cantilever
is shown to be of paramount importance in gaining a valid measurement.

I have discussed the breakdown of the model’s applicability with effective
wavelength, which covers arguments around both mode number and aspect ra-
tio. Although the experimental data included in this report is not sufficient to
formulate a detailed breakdown model, it is possible to show the trend for the
accuracy of the hydrodynamic function with decreasing aspect ratio.

I have begun a preliminary investigation of ways to computationally sim-
plify the calculation process to better correspond to in-situ timescales for the
turn-around between measurement and result, while maintaining an acceptable
level of accuracy. For development into a valid point-of-care method, for poten-
tial inclusion in hand-held biochip devices, the computational time and power
needed must be kept at a minimum. Calculations with the full Model 2 that
range in CPU time from 27 seconds to over 20 minutes are calculated to within
5% for density and 10% for viscosity in times of 0.1-0.5 seconds. The model of
approximating is not analytical and can thus only be applied for a pre-defined
range of density and viscosity, but for most applications it is safe to assume
that some prior knowledge of the approximate value range will exist. For these
calculations the data set used to interpolate the final results was for a Reynold’s
number from 10~% to 10* and a « from 0 to 20.

This chapter looks at the manner in which frequency shifts can be used to
determine density and viscosity of the operating medium, and has led to a pub-

lication on the determination of alcohol content in commercial beverages [215].
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But findings in this vein can also be reversed to develop models to explain how
density and viscosity impact upon the resonant frequency and how these effects
can be deconvoluted and accounted for, for measurements taken in complex
media.

This is particularly important for biosensing, where many analytes would not
survive, or be altered by, ex-situ measurements. For example, measurements for
medical purposes may often have to be made in plasma, blood, urine or other

non-ideal bodily fluids.
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Chapter 10

Conclusions and future work

10.1 On the origins of surface stress

In chapter (5) I presented analytic expressions for the various force contribu-
tions to a cantilever-adsorbate system in equilibrium, to try to elucidate which
factors cause the change in surface stress that leads to deflection of the beam. 1
also developed a lattice model in Mathematica 8.0 [25] capable of reproducing
the spacing and coordination of adsorbates on cantilever’s surface, and of cal-
culating the radius of curvature induced by a particular set of forces and thus
the deflection response of a cantilever to a specific adsorbate.

In applying these models to a cantilever covered with a full monolayer of de-
canethiol molecules, I demonstrated that many of the stress values for formation
of such a monolayer reported in the literature [56, 107, 108] can be accounted for
by the repulsive interactions at the cantilever’s surface due to the dipoles that
sit at the point where the S head atoms covalently bond with the Au surface
atoms, which yields a compressive surface stress of ~ —0.14 Nm™!.

Where experimental investigations report stress values that exceed this amount,
I have suggested a mechanism by which the excess can be accounted for; through
relief of the intrinsic tensile stress observable on clean metal surfaces. This ten-

sile stress has been measured and calculated as being of the order of 1 Nm~! in
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total magnitude, so a release of part of this, due to the presence of adsorbates
on the surface and the reorganisation of charge that this instigates, is one likely
origin of the increased stress shown for alkanethiol monolayers elsewhere in the
literature {100, 106].

This chapter begins to highlight the complexity of interaction involved in
measurements with this technology and the need to carefully monitor or control
all aspects of the system, including the state of the underlying Au surface, in
order to maintain a satisfactory degree of reproducibility and comparability
between measurements. The large stress response measured by Godin et al
[106], of —15.9 Nm~! suggests that there are further factors at work in the

cantilever-monolayer system.

Future work

Considering how important rearrangement of charge at the surface upon
adsorption is to the observed surface stress, further investigation of the pre-
ferred adsorption sites for S on an Au(111) surface is definitely warranted. For
example, in terms of how the length of the chains of C atoms of alkanethiols
affects the situation of the covalent bond. Some studies [56] report distinct
differences in o for varying chain lengths. Since we assume, for simple alka-
nethiols, that the chain-chain interaction is purely affecting the tilt angle of the
adsorbed molecules then why would this effect manifest? It is suggested that
these findings are the result of how the movement of charge, transferred across
the covalent S-Au bond, up the C chain differs depending upon its length. How-
ever, it would also be worth running lattice model calculations for the different
S-S separations and orientations postulated in those papers devoted to under-
standing how the (v/3 x v/3)R30° lattice and the c(4 x 2) superlattice differ in
positioning of the head groups on the surface, particularly since the prevalence
of each is dependent to an extent on chain length of the alkanethiols.

As well as gaining a deep understanding of the sources of surface stress for
this particular system, this work should be driven towards gathering enough

knowledge to be able to draw wider conclusions about the stress generation for
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any system, so general or initial predictions as to expected stress responses can
be made without resorting to expensive and time-consuming simulation and
experimental exploration techniques. This pool of understanding, which is only
shallow at the current time, can be deepened through detailed investigation
into other adsorbate systems. Members of our group at the LCN have already
made some preliminary experimental investigations into the surface stresses of
formation of monolayers of D-Ala and PEG molecules. Building models to
represent these two setups would not only yield valuable information in their
own right, but also tie in to the further work planned for the D-Ala-Vancomycin
complexes, and discussed in the next sections.

Another system of interest is that mentioned in chapter (8), of the deprotona-
tion of a carboxylic acid terminated monolayer of mercaptoundecanoic acid upon
changes in the pH of the operating medium, which shows an increased stress
compared to that of a neutral undecanethiol monolayer of —10.75 mNm~?!. I
have done some preliminary calculations on the response for a full monolayer
of MUA, assuming that at pH 9.0 every alkanethiol comprising the monolayer
is deprotonated, using the same lattice setup as for the decanethiol monolayer
in chapter (5). Due to their extremely similar packing densities and structural
make-up, it is likely that the difference in stress response is solely due to the
electrostatic repulsion between negatively charged COO™. The calculation sim-
ply equates the sum of the terminal group’s repulsive coulombic forces with the
elastic restoring force of the beam. However, the value of surface stress calcu-
lated is —185.97 mNm™!; an order of magnitude larger than that experimentally
measured.

Simply reducing the coverage of ‘active’ charged sites in the model, to cor-
respond to a more realistic partially incomplete monolayer, is not enough to
reflect the reality of the situation however. A model that looks to explain the
stress transduction mechanism purely through electrostatic repulsion as above
must reduce coverage of charged sites down to p ~ 0.3 before the theoretical
stress, 18.0 mNm™!, approaches that experimentally observed.

To represent the deprotonation as a point charge on the upper end of each

149



monolayer molecule is a very crude way of looking at the system. In actuality the
negative charge is delocalised between the two oxygen atoms of the carboxylate
group, forming two partial double bonds with the intermediate carbon atom,
as represented in figure (10.1.1). To achieve a meaningful stress value from the
model, this added complexity should be included in the interactions.

But the main discrepancy between this model and the experimental mea-
surements is neglect of the solute properties. There will be a degree of screening
due to ions in solution surrounding the cantilever, which will have the effect of
reducing the bending due to electrostatic interaction of the deprotonated MUA
molecules. Indeed, Watari et al [54] demonstrate that not only the number of
ions in solution, but also ionic species can have a profound effect on surface stress
in these kinds of systems. This is something that needs including in the model,
along with a better representative of the siting of the deprotonation charge, and

may account for the differences in experimental and theoretical results.

Figure 10.1.1: Schematic representing the delocalised charge on a deprotonated
carboxylate group.

10.2 Vancomycin and understanding the effects
of connectivity

I extend the lattice model to include coverage dependence, which is demon-
strated in chapter (6) in my reproduction of the site percolation thresholds for
honeycomb and square lattices of 0.70 and 0.59 respectively. This extended
lattice model is then used in conjunction with potentials for Vancomycin in-

teraction, for comparison to the experimental results outlined in chapter (4)

150



to explore the effects of coverage and connectivity on a cantilever’s deflection
response.

Through simulation and analysis of the interaction force on approach be-
tween two complexes of Vancomycin and the upper fragment of a bacterial cell-
wall mucopeptide precursor, I extrapolated a first approximation of the force

curve describing their interaction in the form,

F(rij) = 2 <<’";”2”> - <T§y>> : (10.2.1)

where the equilibrium separation is r,;, = 14.75 EA

Upon application to the lattice model, this very simple approximate fit to the
force curve produces stress results that are encouragingly close to those observed
experimentally. Fitting the lattice model stress values for different coverages, up
to a complete underlying D-Ala monolayer, to the model described by equation
(4.1.1), gives a saturation stress of o = —110.06 mNm ™! which is within an order
of magnitude of the experimental —34.6 + 0.9 mNm~! [15], and a percolation
threshold and power law index that fall within the experimental error bars, of

pe = 0.003 to 0.075 £ 0.09 and o = 1.15 to 1.3 &+ 0.3 respectively.

Future work

The validity of results from MD simulation relies heavily on the accuracy of
the model potentials and parameters used to describe the system under scrutiny.
As mentioned in chapter (7), some of the parameters used in this body of work
are approximated from similar systems rather than specifically tailored to the
chemistry of Vancomycin. Before continuing to explore Van, in such a way, in
more detail, more accurate and appropriate parameters (partial charges; bond
lengths, angles and force constants) should be developed, using the methods
outlined in [95].

The results of chapter (7), interpreted as I have done here, only really take
into account one local minimum of the interaction between two Van-D-Ala com-

plexes. Starting configurations in simulations has a lot to do with what energetic
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landscape is explored. A systematic study of the possible approach configura-
tions of a pair of complexes may uncover preferable local minima, or the global
minimum of interaction. Of particular interest is how a pair interact in their
back-to-back arrangement, since the varying likelihood of dimerisation, partic-
ularly when catalysed at a surface, across the Vancomycin family of antibiotics
may have a considerable part to play in enhancing their antibiotic action. With
a much higher ability to dimerise, Oritavancin shows a binding relationship with
D-Ala precursors 25 times stronger than that for Vancomycin, and 11,000 times
stronger with the Vancomycin-resistant mucopeptide terminating in D-Lactate
[21]. Ndieyira et al. show that Oritavancin is predominantly bound to the
surface in dimer complexes, as opposed to the dominance of bound monomers
for Vancomycin, and suggests that this altered form of antibiotic-mucopeptide
complex may be, in part, responsible for their contrasting antibiotic action:
Vancomycin takes ~24 hours to kill a bacterial cell, Oritavancin only two.

While the simulations that comprise much of chapter (7) have provided an
interesting and fruitful first insight into the interaction of Vancomycin molecules
bound to a monolayer of D-Ala mucopeptide precursor analogues, the next
step must be to increase the complexity of the computational model to better
represent the actual cantilever system.

Acknowledgement of the role screening due to ions in the buffer surrounding
the cantilever has to play in the interactions leading to a deflection response
cannot be ignored in a system such as this, where the analytes are charged.
The simplest way to gain a lower limit on the interaction due to charges, where
an upper limit is a simulation in vacuum, is to calculate the interactions for
complexes in an environment with the dielectric constant of the buffer solution in
which they are immersed, which I have calculated to be approximately € = 79.6,
close to that of water. This approach, however, shows no appreciation of the
size and behaviour of individual water molecules and ions, and as such is inferior
to the explicitly hydrated simulations that would be the eventual aim.

A big step in improving the validity of simulations of this kind for Van-

comycin would be to include the rest of the monolayer, assuming as I am that it
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has a large part to play in both the way Vancomycin behaves when bound and
in the transduction of the surface stress. One of the major assumptions of chap-
ter (7) was that the D-Ala monolayer was organised similarly to an alkanethiol
monolayer, as a hexagonally close-packed lattice. Considering the bulky nature
of the mucopeptide analogue, this is not a certainty. The first undertaking in
attempting to include the monolayer in simulations is to systematically inves-
tigate the structure and coordination most energetically favourable for such an
organisation of molecules. For example, a starting configuration for a prelim-

inary simulation of D-Ala molecules in an hexagonal lattice at a separation of

~8 A is shown from above and side on in figure (10.2.1).

Figure 10.2.1: D-Ala molecules organised into an hexagonally close-packed lat-

tice at a separation of ~ 8 A. Image created using VMD [216].

Once the nature of the underlying monolayer is better understood, antibi-
otics can be added to the simulation cell. There is merit in uncovering how
the energy of the monolayer changes both from the interaction of the added an-
tibiotic molecules, and also from observing how inserting a single Vancomycin
molecule into the D-Ala layer exerts forces on those proximal precursor ana-
logues and how those forces are mediated through the monolayer as a whole.
This work would raise interesting questions around the necessity of viewing

a monolayer both as the sum of individual members and as a whole, and the
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subsequent need to include short and longer-ranged stress dependencies in a the-
oretical model. More detailed simulation of Vancomycin can also be quite easily
extended to other antibiotics in the same family [5] by addition of, correctly
parameterised, specific chemical groups along the molecule’s backbone.
Experimental findings that drive the next steps of research into the part that
the monolayer plays in the Van-D-Ala-cantilever system result from continuing
investigations made into the effect of the underlying density of D-Ala SAMs on
the stress response by M. Vogtli, who measured the stress response of cantilevers
functionalised by varying concentrations of 1074, 1073,
0.01, 0.05, 0.1, 0.5, 1.0, 2.0, 3.0, 4.0mM of D-Ala in solution, upon exposure

to Vancomycin.
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Figure 10.2.2: Measured cantilever deflection due to compressive surface stress
for differently functionalised monolayers of D-Ala upon injection of 250 uM
Vancomycin. Reproduced courtesy of M. Vogtli.

There was a very minimal stress response measured for the lowest concen-

trations of D-Ala, combined with ellipsometry measurements showing a layer

154



thickness of 5 A, contact angle results similar to that of bare Au, low N(1s)
and S(2p) XPS intensities and high Au(4f) intensity. All of the above results
suggest an incomplete covering of D-Ala molecules in the lying down stage.

Above a concentration of 0.05 mM, where the stress peaks, the data sup-
ports a monolayer in the standing regime with a thickness, according to ellip-
sometry data, of =~ 30 A. As the concentration increases beyond this point the
ellipsometry thickness holds approximately constant at ~ 30 /O%, but the XPS
S(2p) intensity continues to increase suggesting that the coverage remains that
of a single monolayer but one that is increasing in density, and the measured
deflection, and thus the stress, drops, as can be seen in figure (10.2.2).

The fall off in stress as the monolayer gets denser could be the result of
several factors; that as the monolayer becomes much more densely packed less
binding sites are available to the antibiotics, or that at higher concentrations
the monolayer of D-Ala that is forming is much more disordered.

Or the pronounced peak in stress may be a consequence of the shape of the
interaction curve between two approaching Van-D-Ala complexes. It is a possi-
bility that the drop in repulsion between two approaching complexes, as seen in
figure (7.1.2) and temporarily neglected to formulate a first approximation of the
interaction, may be an exaggerated version of what is actually happening on a
cantilever surface. If the individual D-Ala molecules in the monolayer are tighter
packed, at a smaller separation, then the proximity of the bound Vancomycin
may result in an interaction energy high enough to release them from the local
minimum they found at slightly larger separations. Though such a dramatic
configurational shift as that witnessed in the simulations in chapter (7), at such
large separations, may be unlikely due to the surrounding monolayer and other
bound Vancomycin adding to the energy barrier to large-scale conformational
shifts, something in the same vein may be taking place at separations consistent
with the densities at which o values drop. Or, indeed, the increased steric in-
teractions at these smaller separations may make it energetically unfavourable

for Van molecules to bind to adjacent D-Ala sites. If the model in chapter (7) is
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representative this proximity is necessary for generation of the stress signal and
a cantilever with fewer sites with nearest neighbour connectivity will return a
lower deflection signal.

Whatever the reason for these changes in stress, it is clear that the state of
the underlying monolayer plays an important role in the response measured. In
order to explore the nature of this role I intend to perform molecular dynamics
simulations of D-Ala monolayers of varying density to see how the configuration

and the energy changes.

10.3 Modelling the beam’s elastic response

In chapter (8) I derived analytical expressions for the sensitivity of a cantilever
beam undergoing pure bending to surface stress, o, based on its geometry and
materials. I have shown, quantitatively, the potential in novel cantilever ma-
terials, such as polymers and carbon nanotubes, for future incorporation into
cantilever technology.

I made investigation into simple theoretical models of how changing the pat-
terning of the active layer on the surface can affect a cantilever’s performance.
It is demonstrated that changing the longitudinal length of patterning along a
cantilever, and the positioning of this strip on the cantilever can have a signifi-
cant effect. A cantilever with half its upper surface covered in Au can increase
its o response by up to three times, simply by coating that half from the hinge
end rather than the free end of the cantilever. The theoretical model here shows
similar qualitative behaviour to those experimental results reported alongside
it. However, in failing to supply a fully comprehensive reason for the lack of ob-
served signal up to 70% coverage of active layer, as coated from the free end, in
experiment, this work suggests that other factors, not yet well understood, are
causing big differences in stress that may be due to the quality of the monolayers
produced by patterning the active layer using uCP.

Also within this chapter, I explored the suggestion, proposed in line with

experimental findings, that tangential curvature of the beam stiffens it to lon-
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gitudinal stresses. This changes the way we might assume that surface stress
would decrease on reducing the area of the Au active strip by narrowing it
widthwise. The simplified model contained herein supports the merit of the
argument, showing a difference in stress brought on by halving the width of the
active strip of 50% when only longitudinal curvature is considered, compared

with 33% when the stiffening effects of tangential curvature are also included.

Future work

The investigations into the bending behaviour of the cantilever beam made in
this thesis have necessarily been simplified to enable the formulation of analytic
expressions that underline what merit there is in further examination of the
various factors that might complicate stress results.

For many of these factors, approaching a state that accurately represents
reality is beyond the capability of pen and paper analytic derivation. To consider
how the bending response is altered by the combined effects of biaxial bending,
active layer patterning, differing materials and adhesion layers and its tethering
at the hinge end, it will be more useful to employ numerical techniques such as

finite element analysis [217, 218].

10.4 Exploring the effect of the medium

For a cantilever beam of aspect ratio ~ 13, values of density obtained from the
dynamic mode of operation for ethanol/water solutions of 0, 20, 40, 50, 60, 80
and 100 % ethanol are within ~ 5% of those recorded in the CRC handbook
of chemistry and physics [219]. Those values calculated for viscosity are not as
accurate but still predominantly fall within ~ 25% of the literature values. I
believe the discrepancies here may be due to the viscosity of the solution not
exactly mirroring that of the ideal literature values.

Utilising a model that included a specific dependence on mode number was
shown to correct, to an extent, for the overestimation of hydrodynamic load in

a model with no such dependence. However, for cantilevers with lower aspect
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ratios (~ 6.6, ~ 5, ~ 3.3), even this more advanced model was shown to break
down as the real life situation deviated significantly from the model approxi-
mation to an infinitely long beam. While the number and reproducibility of
the measurements used in chapter (9) are not enough to formulate a detailed
breakdown model, a definite trend is clearly demonstrated.

Finally, the validity of an iterative process of correction, from look up tables
for the hydrodynamic function for a range of Reynold’s number and aspect
ratio, between the less accurate 2-D model and its more accurate 3-D successor
shows excellent agreement with the 3-D model. This correction process also
takes much less computational power and time, two factors of great importance

for the technology’s future use at point-of-care.

Future work

Most real-world applications for cantilevers in their dynamic mode, for ex-
ample monitoring blood clotting or taking added mass measurements to assay
the amount of different biological analytes in complex fluids, will operate within
a reasonably defined range of viscosity and density. It, therefore, makes a lot of
sense to use the simpler model to calculate initial values and correction tables to
account for the model’s shortcomings and extrapolate a more accurate value. If
the range is not massive then the amount of information needed to be stored will
be manageable for a small hand-held device. The simpler model is less computa-
tionally taxing and much less time-consuming, allowing for in-situ measurement
and analysis without bulky and immovable external equipment. In order to
achieve a reliable model for when the methods of calculation break down, many
more measurements should be taken, systematically spanning a wide range of
aspect ratios and rheological properties and exploring higher modes. All care
must be taken also to ensure that variation between those measurements used
to calibrate the tables of correction values is minimised. For example, in the
case of these investigations into ethanol/water solutions, it would be valuable
to take alongside measurements using a different system, such as glass capillary

tubes [220], to get in-situ values for each solution, rather than assuming they
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exactly match literature values.

In many aspects nanocantilever technology shows great potential for minia-
turisation and incorporation into hand held LOAC devices. The cantilevers
themselves operate purely mechanically and, in array, can provide their own ref-
erence and control against environmental variables such as temperature changes.
Microfluidics [221] enable the delivery of analytes in a controlled way, allow-
ing many simultaneous measurements to be made, even at such a small scale.
Holding the technology back at the moment is the technique used to measure
deflection. The optical method (see appendix (A)) currently requires a bulky
external setup and also suffers from the inability to operate through opaque flu-
ids. Other measurement techniques such as incorporation of a piezoelectric strip
in the cantilever [222, 223], or the use of parallel, capacitive plates [224, 225],

must continue to be investigated as viable alternatives.

This thesis makes progress towards understanding nanocantilever sensor
technology as a whole system, by looking at the bending behaviour of the beam,
environmental concerns, the chemical origin of stress at the level of a single ad-
sorbate molecule and the effect of geometric connectivity of events across the
cantilever’s surface in producing the continuum response.

In representing so complex a system as Vancomycin binding to bacterial cell
wall analogues on a cantilever’s surface, many assumptions and approximations
had to be made. The final correlation between the calculated results and those
collected experimentally, however, presents a good example of the power of
simplified models to elucidate the figures of merit for understanding elaborate
real-world scenarios.

This thesis provides a first step in the development of a truly comprehensive
theoretical model supporting nanocantilevers as a reliable and accurate tech-
nology for biosensing. In particular it highlights how interdisciplinary working
can open up new avenues of approach for pressing problems, like how better

understanding of drug action can impact the development of new antibiotic
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agents.
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Appendix A

Sensor measurement

techniques

A.1 Optics

position detection
diode

laser

———

SAL ¥ k-
— =

— 'lé'
—

Figure A.1.1: Figure outlining the optical lever measurement setup.

Used commonly in conjunction with AFM as well as being the most widespread
detection method for stand-alone cantilever devices, the optical lever method

uses a position sensitive photodetector to measure the displacement of reflected
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laser light from a cantilever [226]. This setup can be seen in figure (A.1.1) and
can record the absolute deflection of a beam down to sub-angstrom resolution.
The segmentation of the photodiode allows for the potential to measure in-plane
and out-of-plane lateral and torsional oscillations simultaneously.

Drawbacks to this setup include the need for external devices and time con-
suming and fiddly calibration and alignment, making it a less than perfect can-
didate for incorporation into LOAC devices. Optical detection is also very
sensitive to changes in the optical properties of the medium surrounding a can-
tilever. As such, changes in optical density can move the laser spot along the
cantilever; particulates within the operating fluid can scatter the laser light; and
a non-transparent medium renders the method untenable [174].

The method relies on either an array of lasers, which can be difficult to
set up, or a scanning laser source that moves sequentially across the end of
each of the cantilevers comprising an array [227], and as such needs a reflective
surface of a certain size. The thermal effects of laser light on a cantilever in the
micro-scale can lead to bimetallic bending or thermal expansion, giving rise to
significant thermal drift, which must be accounted for, generally using reference
cantilevers.

Modifications to optical detection can alleviate some of these causes of con-
cern. Interferometry, in which the reflected light is modulated by the changing
separation between cantilever and detector, need only illuminate a small part
of the cantilever and can be used to detect the resonant behaviour of devices
significantly smaller than the wavelength of light [228]. Optical waveguides can
be patterned into cantilevers and aligned with another, static, section of waveg-
uide separated from the cantilever by a small gap. When oscillations occur, the
amount of light able to pass through the static section of the waveguide will
modulate; an effect that can be measured and related to resonant frequency

[229].
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A.2 Electrics

Cantilevers incorporating piezoelectric or piezoresistive material are causing
a lot of interest in the biosensor community as they can act both as sensor
and measurement method, eliminating the need for external laser alignment
[84, 223, 230, 222]. Piezoresistive material experiences a change in resistiv-
ity upon compression or extension of the material and similar distortions due
to mechanical stress creates a voltage across piezoelectric the material. When
piezoresistive or -electric material is included in a nanocantilever, the bending
due to adsorbate induced surface stress can be indirectly measured by monitor-
ing the changes in resistivity or voltage.

This technology is attractive to the biosensing community because it doesn’t
need a transparent medium, and, acting as its own readout mechanism, is suit-
able for integration into LOAC devices [189, 84].

There are associated difficulties around ensuring that the electrically respon-
sive parts of the setup are protected from contact with the liquid media. There is
also some challenge in reaching the levels of sensitivity seen with optically read-
out cantilevers, as the thickness of the piezo-films must be relatively substantial
in order to gain a decent signal [231]. Techniques to maximise the sensitivity
are being developed however [232], and the technology has real potential for use
in the miniaturisation of the entire process of actuation and measurement.

It is also possible to include a layer of conductive material on a cantilever’s
surface and then measure the capacitance between said conductor and a cor-
responding one on a substrate at some distance [233]. Any change in distance
between the two conducting strips will register as a change in capacitance. The
capacitance will vary inversely proportionally with distance and this value and
its period of oscillation directly informs one of changes in amplitude and fre-
quency of the cantilever.

This method has been found to be capable of detecting the addition of
toluene at 50 ppm and octane at 10 ppm [224] and is suitable for LOAC in-

tegration, but it suffers both from interference due to changes in the dielectric
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constant of the operating medium, and is limitingly dependent on the gap be-

tween the cantilever and the substrate.
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Appendix B

Vacuum frequencies of an

oscillating cantilever

We can find the resonance frequencies of a singly clamped beam, a cantilever,
in a vacuum by first looking at the equations of equilibrium for a bent beam.
We need to satisfy the requirements of equilibrium; namely that the resultant
forces and the resultant moments across the beam are zero. Looking first at
the forces, we can denote the resultant internal stresses on a cross-section of the
beam as F with components F; = [ o;cdf that are integrated over the area of
the cross-section. Using this notation we can look at two adjacent cross-sections
that bound a chosen element of the beam, which will be experiencing internal
forces F + dF and —F, the resultant of which is dF. The beam will also be
experiencing an external force per unit length, K, which, across an element di
in length, will be Kdl. At equilibrium then, the total forces on the element will
be:
dF
i -K (B.0.1)
The moment of the internal stresses on a cross-section has a component

about each co-ordinate axis (chosen as arbitrary axes for now):
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M, EILLiQe

M=| M, |=]| ELQ, (B.0.2)
M CQ¢

where F is the Young’s modulus of the beam, I; and I are the principal
moments of inertia, C' is the torsional rigidity and €; is the rate of rotation of
the co-ordinate axes about the ith axis. Across the aforementioned element, at
one end we have moments M +dM about a point O on the cross-section, and at
the other end moment of internal stresses —M about the ‘shifted’ point O’ plus
the moment of the force on that end about the initial point O, dlxF, where dl
is the vector of the length between the points O and O’. As we are considering
our beam to be thin, the moment due to external forces is of a higher order
of smallness (it takes relatively small external forces to produce large internal
stresses in a thin rod - i.e. it is very easy to bend a thin beam) and can therefore

be neglected. So, in equilibrium:

dM + dIxF = 0 (B.0.3)

If we divide this through by dl we get the expression:

dM
o= Fxt (B.0.4)

where t is the unit vector tangential to the beam, which for our purposes we
are approximating as an elastic line. Differentiating with respect to the length
gives:
d*M __dF dt

= W><t + FE (B.0.5)

the last term of which can be neglected as in the case of very small deflections
the direction in which the tangential vector points changes slowly along the
length of the beam. From the first requirement of equilibrium above, we see

that we can substitute ‘il—ll? = —K into this expression, giving us the equation of
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equilibrium of a beam experiencing small deflections in the form:

d*M
di?

=txK (B.0.6)

where the components of M are as stated before. In the case of slight bending
we can assume zero torsion in the beam, i.e. {3 = 0 By taking the definition
of Q = ‘2—‘?, which is the rate at which the vector of angle of rotation of the
co-ordinate axes changes along the length of the beam, and realising that the

change in a vector due to an infinitesimal rotation is the vector product of said

vector and the rotation vector d¢, which for the tangential vector gives us:

dt = dpxt (B.0.7)
or in terms of :

dt

— =0 xt B.0.

¥ X (B.0.8)

which, when multiplied through vectorially by t, is

Q= tx% +t(t.92) (B.0.9)

By recognising that, as the tangential vector is in the same direction as the
axis of the elastic line at any point,and therefore t.€2 = €,.,,and remembering
we are assuming zero torsion, we get an expression for €2:

dt

Q=tx— B.0.10
X ( )

Using this expression and due to the smallness of the deformations involved
we can now approximate rotations of our arbitrary co-ordinate axes to the fixed
axes z, y and z, where z runs along the undeformed axis of the beam. We can
approximate the unit tangent vector to the unit vector along the z-axis and the
change in that unit tangent vector along the length of the beam as the second

derivative of the radius vector r of the curve with respect to its z position. This
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allows us to write the two non-zero components of the rotation 2 as:

d’Yy
d>X
Qeta - ﬁ (B012)

where X and Y are coordinates giving the displacements of points from their
initial positions in the undeformed beam. Which gives us expressions for the

non-zero components of the moment M as
M, =—-EIY" (B.0.13)

M, = EL,X" (B.0.14)

where having defined our fixed axes as x, y and z, in a beam with constant,
rectangular cross-section, the principal axes of inertia are parallel to the sides.

These definitions, when substituted into equation (B.0.6) give us the expressions:
EIX"" = pAX (B.0.15)

ELY" = pAY (B.0.16)

Where in the case of a thin beam performing transverse oscillations, the
components of external force per unit length can be replaced by the acceleration,
X and Y, that must depend on both ¢ and z, and the mass per unit length of
the beam, pA, where p is density and a the cross-sectional area of the beam. If
we are considering a beam oscillating in the x-z plane we can then seek solutions
to equation B.0.15 using the ansatz X = Xy(z)cos(wt + «) and the following

boundary conditions for a cantilever beam:

fizedend: z=0; X =0; X' =0 (B.0.17)

freeend: z=LX"=0; X" =0 (B.0.18)
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X = —Xowsin (wt 4+ a); X = —Xow? cos (wt + ) (B.0.19)

X" = XU cos (wt + a) (B.0.20)
2pS

X — w=p X B.0.21

0 E.[y 0> ( )

where we will define the coefficient as C = w2%. The most general form
y

of Xy will be a combination like:
Xo = Acos (Cpz) + Bsin (Cpz) + D cosh (Cy,z) + E'sinh (Cy,2) (B.0.22)

Applying the boundary conditions for the fixed end of the beam, we can see

that D = —A and £ = —B, so
Xo = Alcos (Cpz) — cosh (Cp,2)] + Blsin (Cpz) — sinh (Cp,2)]. (B.0.23)
Applying the boundary conditions for the free end to this new expression for

Xy gives,

X{/|.= = A[—cos (C},L) — cosh (C,,L)] + B[—sin (C,,L) — sinh (C,L)] =0
(B.0.24)

and

X{'".= = A[sin (C,,L) — sinh (C,, L)] + B[ cos (Cy, L) — cosh (C,, L)] = 0.
(B.0.25)

These two expression can be combined to find a relationship between the
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coefficients A and B, such that

B=A <_ cos (CpL) — cosh (C"L)> (B.0.26)

sin (Cy, L) + sinh (C,, L)
Substituting this back into the expression for X{’|.—r, ,and using the identi-
ties sin? (C,, L) +cos? (C, L) = 1 and cosh? (C,, L) = sinh? (C,,L) = 3(cosh (2C, L)+

1), gives

A(1 + cos (C, L) cosh (C, L)) = 0, (B.0.27)

which we can solve to find the values of C), L. If we take the length of the
beam as being normalised to L = 1, the coefficients of the first four modes are
Cy = 1.875,C5 = 4.694,C3 = 7.855 and Cy = 10.996 and can be applied to find

the vacuum frequencies of an oscillating beam using
w = C—’% £l (B.0.28)

L2\ u

where I have rewritten g = pA for the mass per unit length of the beam.
In order to find the above solution, we set the external force on the beam
equal to zero. For a beam oscillating in a medium, however, will experience a
hydrodynamic load that will depend on the nature of the oscillations and the

rheological properties of the medium.
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Appendix C

Adsorption sites

In this appendix, I list those arrangements of S atoms commensurate with the
underlying Au surface structure in a separation range of 6 to 8 IOX, calculated
as detailed in section (7.7). The available separations are listed in ascending
order, with indication of whether they are suitable for forming a hexagonal
close-packed lattice.

6.04 A

Figure C.0.1: Separation of 6.04 A hexagonal lattice.
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(b) Separation of 7.3 A

Figure C.0.3: Separations of 6.54 A: no hexagonal lattice.

6.64 A
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Figure C.0.5: Separation of 6.70 A hexagonal lattice.
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Figure C.0.7: Separations of 7.15 A: no hexagonal lattice.

7.25 A
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Figure C.0.9: Separation of 7.30 A hexagonal lattice.
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Figure C.0.11: Separation of 7.53 A hexagonal lattice.
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Figure C.0.12: Separations of 7.67 A: no hexagonal lattice.

7.99 A

177



Figure C.0.13: Separations of 7.99 A: no hexagonal lattice.
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Appendix D

Potential parameter

approximations

Tables documenting those approximations made for linkages in the Vancomycin-
peptide fragment complex that are not already explicitly parameterised in the
literature.

For angles described as Ugngie(0ijk) = %k(@ijk — 6)?, where k is the force
constant and 6y the equilibrium angle, in degrees.

And for dihedrals described as Uginedrai(Pijii) = A[l + cos(mejjr — 9)],

where A is the force constant, m the multiplicity and § the phase, in degrees.
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Angle Sub. k kcal /mol/rad” 0o °
CS-CS-CAS3 C1-C1-C3 53.35 108.50
CS-CS5-CAS3 C1-C1-C3 53.35 108.50

HAS1-CS5-CAS3 H1-C1-C3 34.5 110.10
HAS3-CAS3-CS H1-C3-C1 33.43 110.10
HAS3-CAS3-CS5 H1-C3-C1 33.43 110.10
C1-C1-C4 C2-C1-C4 51.80 107.50
C4-C1-OH CS-CS-OHS 75.70 110.10
H1-C1-N2 H1-C2-N2 32.40 109.50
C3-N1-C1 C3-N2-C7 50.00 120.00
CS-CSN3 C L2-C_L2-N3L 67.70 110.00
CAS3-CS-N3 C_L2-C_L2-N3L 67.70 110.00
CS-N3-HN C_L2-N3L-HN 33.00 109.50
C4-OET-CS1 C4-OET-C1 65.00 108.00

Table D.0.1: Table listing those approximate angle potential

parameters for

sections of the Vancomycin-peptide fragment complex that are not explicitly

parameterised.

Dihedral Sub. A kcal/mol | m | §°
CAS3-CS-CS-OHS CAS3-CS5-CS-OHS 0.20 3 0.0
CAS3-CS-CS-HAS1 | CAS3-CAS2-CAS2-HAS2 0.19 3 0.0
HAS3-CAS3-CS-CS HAS3-CAS3-CS5-CS 0.2 3 0.0
OET-C4-C4-OET OET-C2-C2-OET 0.25 1 | 180.0

1.21 2 0.0
OET-C4-C4-CL OET-C4-C4-C3 2.40 2 | 180.0
C4-C1-N2-HO C1-C2-N2-HO0 0.0 1 0.0
C4-C4-C1-N2 C4-C4-C4-N2 3.10 2 | 180.0
C7-N2-C1-C4 C7-N2-C1-C3 1.80 1 0.0
OHS-CS-CS-N3 OH-C_L2-C_L2-NT 430 -1 | 180.0
-0.40 3 | 180.0
HAS3-CAS3-CS-N3 H1-C2-C1-NT 0.2 3 0.0
C4-C4-OET-CS1 C4-C4-OET-C2 1.62 2 | 180.0
0.19 4 | 180.0
C4-OET-CS1-HAS1 C4-OET-C2-H2 0.095 3 0.0
C4-OET-CS1-CS C4-OET-C2-C2 0.24 1 0.0
0.29 2 0.0
C4-OET-CS1-0S CS-OET-CS1-0S 0.05 -1 | 180.0
0.91 -2 0.0
1.27 3 | 180.0
C4-C1-C7-0C2 C4-C4-C7-0C2 1.0 2 | 180.0
N2-C7-C1-C4 N2-C7-C1-C1 0.00 1 0.0

Table D.0.2: Table listing those approximate dihedral potential parameters for
sections of the Vancomycin-peptide fragment complex that are not explicitly

parameterised.
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