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Abstract

Scanning ion conductance microscopy (SICM) is a powerful and non-invasive tool
which allows substrates to be probed at the nanoscale. Recently developed SICM
functional mapping methodologies are capable of providing detailed information
about interfacial properties and processes. Interaction of these techniques with
complex active surfaces are not fully understood and much of the previous work in
this area has been performed on ideal or model substrates. This thesis aims to extend
the use of SICM functional mapping towards analysis of complex substrates and real-
world samples.

Through application of potential control programs and extensive finite element
method (FEM) simulation, the interactions between the SICM probe and substrate can
be elucidated to explain the ion current response. SICM delivery methodologies are
applied to examine the effects of substrate charge and activity upon electroosmotic
flow (EOF) in the nanopipette. This allows better informed selection of delivery
parameters for the quantitative delivery of neutral species with SICM. Real-time
tracking of active dissolution at an enamel surface at the nanoscale is achieved through
the controlled delivery of protons and the effects of surface treatments upon the
effective heterogeneous rate constant are calculated through FEM. Multiple functional
mapping methodologies are combined to probe the bioelectrical properties of live
bacteria and FEM is used to further understanding of the structural and dynamic
properties of the bacterial cell envelope. Through the combination of experiments with
theoretical modelling of the interactions occurring in SICM systems, this work also
contributes to understanding of the fundamental processes underpinning SICM

measurements.



1 Introduction

1.1 Thesis Summary

The work herein is concerned with the advancement of scanning ion conductance
microscopy (SICM) with the aim of furthering capabilities to probe complex interfaces
in situ. SICM is coupled with finite element method simulations (FEM) to allow
elucidation of a range of interfacial properties and processes. Building upon previous
work, FEM methodologies are extended to more complex interfaces to allow a new
range of systems to be probed.

SICM methodologies for the delivery of neutral species are refined and the
effects of interfacial processes upon delivery are examined for the first time. FEM is
used to demonstrate surface charge induced flow separation for the first time and the
effects of this phenomena upon delivery of neutral species are quantified. This
improves understanding of the parameters affecting quantitative delivery of species
with SICM and phenomena underlying SICM as a whole.

Controlled proton delivery through SICM is used to examine surface
dissolution kinetics using a surface tracking regime. Simulations are employed to
quantify proton delivery and examine processes relating to surface dissolution. SICM
delivery is demonstrated to be a powerful tool for quantifying surface kinetics due to
the application of high mass transport conditions which induce a fully surface limited
regime. This allows quantification of enamel dissolution kinetics with previously
inaccessible resolution, providing information on the heterogeneity and structure of
enamel substrates.

Sophisticated potential control methodologies in SICM are applied to live
bacteria for the first time to probe the convoluted interactions between individual
living bacteria and their local microenvironments. FEM simulations are used to
analyse the surficial properties of gram-negative and gram-positive bacteria,
advancing understanding of the complex interface of the cell envelope.

Overall, experimental and theoretical treatment of SICM experiments are
extended to new and increasingly complex systems, providing a basis for further

application of SICM across a range of fields.



1.2 Interfacial Properties and Processes

1.2.1 The Importance of Single Entity Measurements

The interaction of any material with its external environment is mediated by properties
and processes at the interface between the two. Most biological and many chemically
relevant interfaces are between that of an aqueous phase and a solid or semi-solid of
varying complexity.! While many materials seem homogeneous at the microscale and
above, on the nanoscale they can be extremely heterogeneous and instead comprise of
an ensemble of individual sites and single entities across the material surface.>* The
characteristics of these interfaces are a sum of the ensemble of distinct responses of
the individual entities which constitute the material as a whole.

The bulk or ensemble properties of an interface are easily accessible by an
array of traditional assays and electrochemical techniques which interrogate an entire
surface or population, and thereby the cumulative or average response of the
ensemble.® Measurements made at the nanoscale can reveal the characteristics of
individual sites and entities, deconvoluting the distinct processes and properties
occurring at each site and providing far more information towards elucidation of the
underlying mechanisms.® Single entity measurements have proven useful in the
investigation of nanomaterial catalysts,* polycrystalline interfaces,” biological
membranes,'>!? and cellular populations.3>'> Nanoscale functional mapping
techniques such as SICM are therefore important in furthering understanding across a
range of fields and this thesis is concerned with the application of this technique to
increasingly complex real-world systems. For these techniques to provide meaningful
information on such systems it is necessary to fully understand the characteristics of

interfaces and the mechanisms through which they can be probed.

1.2.2 The Role of the Electrical Double Layer

Any interface between a fluid and another phase causes the formation of an interfacial
structure of solvent and ions, commonly known as the electrical double layer (Figure
1.1).15 The double layer is a manifestation of the surface and solution properties and
is fundamental to the thermodynamic, kinetic, and transport phenomena observed at
an interface.! The interfacial properties of a system underpin all electrochemical
measurements and give rise to more complex phenomena which dominate nanoscale

techniques such as SICM.¢ As such, defining the characteristics and formation of the
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double layer is foundational to the understanding of many important systems including
colloidal dispersions,!” biological interfaces,'® capacitors,'® and electrode reactions.?%2!

Double layers arise from two dominant mechanisms; specific adsorption of
species to the surface and compensation of surface charge by the accumulation of
charged ions in solution. The charge of a surface is defined by the chemical moieties
at the interface and the degree of dissociation of these groups in solution. These
chemical moieties can be formed from polymers,?? biological molecules,?? or surface
termination groups?® and are a dominant factor in interfacial phenomena. Conductive
materials such as metals and other common electrode materials can also possess a
potential bias with respect to the solution, causing an interfacial electric field which
also perturbs the ionic distribution. The potential difference between the electrode
material and the interfacial species also defines the charge transfer processes which
can occur. Specific interactions between the electrolyte and surface can also occur,
changing the effective charge of the surface and double layer composition and even
the internal charge distribution of the material.?® For full understanding of the interface

it is necessary to build mathematical descriptions of these underlying phenomena.

1.2.3 Models of the Double Layer

There is a long history of investigation into the double layer and a number of analytical
solutions for double layer composition based upon continuum models of varying
complexity. The first descriptions of the double layer were formed by Helmholtz in
1879 to describe the capacitive behaviour of electrodes in electrolytes due to the
charge separation between the electrode surface and the ions in solution.?” This model
generally describes the compensation of surface charge by the appropriate counterion
and the accumulation of these ions at the interface. This concept was later used by
Stern (1924),28 who integrated it with Gouy-Chapman theory (1910)?*3° which forms
the basis of most successful continuum models of the double layer by introducing
Maxwell-Boltzmann statistics.?! [t was assumed that the closest possible approach of
ions to the surface would be limited by their hydration shell and a layer of water at the
surface, known as the outer Helmholtz plane (Figure 1.1A). Grahame modified this
theory to include ion-surface interactions in which ions can be partially desolvated,

adsorbing to the surface to form the inner Helmholtz plane.
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Figure 1.1 Schematic of the double layer at a conductive interface. The distribution
of cations (red), anions (dark blue) and structured solvent (light blue spheres) at a
negatively charged surface according to the Gouy-Chapman-Stern-Grahame model of
the double layer. (B) The electric potential 0 described by the Poisson-Boltzmann
distribution (Equation 1.2) causing an exponential decay of potential (green) and the
model with the Stern layer considered causes a linear drop over this region (dashed).
(C) The concentration profile of cations (red) and anions (blue) according to the
Poisson-Boltzmann distribution (Equation 1.2), concentrations considering the Stern
layer are not included as they depend on the specific surface interactions and are also

therefore discontinuous.



1.2.4 The Gouy-Chapman Model

Gouy and Chapman introduced the implementation of Maxwell-Boltzmann statistics
to account for the influence of thermal energy on the spatial distribution of each ion
in proximity to the interface. Thus allowing calculation of the local charge density p

(Equations 1.1a-c).

zen

c~ =c0eek'T (1.19)
c+= cO-ek"T (1.1b)
p =ze(c+-c~) (1.1c)

Where 0 is the electric potential defined as the work required to bring a charge from
infinite distance to a given distance from the surface, c~ and c+are the concentrations
of anions and cations respectively, and c0 is the bulk concentration of the respective
ion. The charge of each ion is defined as z, while e is the elementary charge, kB is the
Boltzman constant, and T is the absolute temperature. This defines the concentrations
of ions in terms of the energy required to place them, which is provided by thermal
equilibrium and the Coulomb forces acting according to the electric potential.3
Gauss’s law dictates the behaviour of the electric field E, allowing description of the
electrostatic potential in a medium with homogeneous dielectric permittivity by the
Poisson equation (Equation 1.2).

-VAE =V20 = - & (12)

Where V20 is the Laplacian of the electric potential (V «V0) which therefore defines
the divergence of E, £0 is vacuum dielectric permittivity, and s is the relative
permittivity of solution.

Combining Equations 1.1c and 1.2 yields the Poisson-Boltzmann distribution,
as defined by Equation 1.3a, thus describing the spatial distribution of mobile charges
normal to a surface.Thismust generally be solvednumerically, however it can be
accuratelyapproximated at low potentials by the linearisedPoisson-Boltzmann
equation (Equation 1.3b) which can be formulated as sinh(x) « x for small 0 through
Taylor expansion. This allows solutions of the Poisson-Boltzmann equation to be
solved analytically and leads to the formulation of the Debye parameter (Equation
1.3c).



(1.33)

(1.3b)

K= (1.3c)

The Debye length (k_1) is a useful descriptor of the double layer structure and
defines the distance from a surface at which the potential has decreased by a factor of
e_1. This is a convenient mathematical formulation which simplifies many
calculations of the double layer properties and provides a simple descriptor of the
effects of different solution parameters. For example, increasing bulk concentration or
electrolyte valency compresses the double layer, with a proportionality of Jc" or z
However, as the definition of the Debye length is a constant fraction of the screening
it does not change with surface charge. The link between these factors and the surface
charge can be calculated through the Grahame equation (Equation 1.4) by taking the

integral of the total mobile charge in the double layer which is screening the surface.2

(1.4)
where all of the terms are the same as described previously, and Na is Avogadro’s
constant.

The applicability of this model is limited by various assumptions contained
within, principally that the thermal energy is much greater than that of the surface
potential (kBT >>e0), it is also bound by any assumptions of Maxwell-Boltzmann
statistics. Concentrations must therefore remain low enough to prevent interactions
between individual ions, there is not significant specific interaction with the surface,
and each ion is affected only by the mean electric field of its neighbours. The
concentrations and potentials proximal to the surface must also not become high
enough to significantly alter the dielectric permittivity of the solution by excluding,
confining, or disrupting the solvent. Nevertheless, Gouy-Chapman theory is generally
applicable over a wide range of common systems, including many in physiological
conditions, and adequately describes the double layer if experimental conditions are
judiciously selected. 3

It is possible to modify this theory to circumvent some of the limitations of the
model with additional corrections or approximations surrounding features of a
particular system. Corrections to the Gouy-Chapman model for varying dielectric

6



permittivity, concentration, and ion radius are being continually developed and
applied.?>*7 Beyond the continuum models of the double layer, molecular modelling
1s providing increasingly valuable information, however computational limitations are
still prohibitive towards accurate modelling of many systems.333° [nnovations in these
techniques have allowed description of systems in which solvent and ion surface
interactions are considered, providing fresh insights into the structure of the double
layer at the molecular level] 26374041

The Gouy-Chapman model of the double layer has been exploited to
understand a wide range of systems and interfacial phenomena. It can be used to
describe the potential and concentration distributions which form the basis of a huge
number of modelling techniques from FEM simulations of interfaces to molecular
dynamics.'3*#243 Surface heterogeneities cause changes in the local structure of the
double-layer, leading to changes in the local distribution of electrical potential and
species.** This leads to gradients across the surface which drive transport
phenomena, and also causes differences in the kinetics of interfacial processes through
changes in the concentration and potential distributions or through specific interaction
with chemical moieties at the surface. These local gradients in the electric field and
species concentrations require a more generalised model to be formulated which

describes reaction kinetics and mass transport in three dimensions.

1.2.5 Mass Transport
Mass transport is the movement of species in solutions according to diffusion,
migration, and convection. The total flux of a species (J;) can be described by the

Nernst-Planck equation in terms of these component fluxes (Equation 1.5):

Ji = =DiVe; — z;=Dyc;Vep + cpu (1.5a)

Ji =Jia +Jim + Jiu (1.5b)
where F is Faraday’s constant and u is the solution velocity. For each species (i), D;
is the diffusion coefficient, c; is the concentration and z; is the charge number. The
first term (J; 4) describes the diffusive flux derived from Fick’s law, encompassing
mass transport due to concentration gradients and diffusion. Migration is governed by
Jim, this describes flux due to the force exerted upon an ion by the electric field with
respect to its mobility in the solution. In many electrochemical systems J; 4 is the

dominant term as electrolyte concentrations are usually selected to be high enough to
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prevent Ohmic drop due to solution resistance. This causes the potential gradient to be
confined mainly to the electrode-solution interface as determined by double layer
theory.

The Nernst-Planck equation is linked to Gouy-Chapman theory through the
Einstein relation (Equation 1.6), which can be derived from the Boltzmann distribution
and describes the diffusion coefficient of a species in terms of the ion mobility (y;),

kB, T, and charge (qi)_46,47

D, =% (1.6)

This means that the interfacial ion concentrations described by Boltzmann statistics in
Gouy-Chapman theory can also be described by coupling the Poisson and Nernst-
Planck equations. This is a common method for numerical analyses of systems in
which transport and local concentrations are important, thereby allowing systems to
be described in which fluxes occur, for example due to mixing of solutions in Chapter
2 or localised reactions as in Chapters 2 and 3.

The final term of the Nernst-Planck equation (J;,,) describes convective flux
caused by the movement of the fluid itself. This flow velocity field can take many
forms in electrochemical experiments including pressure driven flow,* density driven

flow,* shear flow,* and electroosmotic flow (EOF).5!

1.2.6 Electroosmotic Flow

In many permutations of the SICM set-up, EOF is a dominant transport mechanism
and must also be incorporated into models of the system by coupling the movement
of species to the fluid flow. The vector field for the flow of a system can be described
by the Navier-Stokes equations, in the case of most experimental set-ups the
incompressible Navier-Stokes equation (Equation 1.7) is the most appropriate. This
requires that the liquid is Newtonian in nature, the Reynolds number is sufficiently
low to minimise turbulence, and that the density of the fluid is constant, or at least that
differences in density are negligible. These assumptions are reasonable in aqueous
systems with no measurable temperature gradients, where density and viscosity are
constant and viscous forces outweigh inertial forces. The incompressible Navier-
Stokes equation is given by Equation 1.7a and is solved alongside the continuity

equation which enforces conservation of mass (Equation 1.7b):



uvu = %(—Vp + uV2u + g) (1.72)

V-u=20 (1.7b)
where p is the density of the solution, u is the viscosity, and p is pressure. The first
term of this equation gives the flow velocity due to pressure gradients, the second term
accounts for the momentum spread due to viscosity and the surrounding flow
velocities, while the final term defines volume forces which can drive flow. The final
term (g) is important in the coupling of the Navier-Stokes equations to the transport
and electric field described above in order to drive EOF, the principle flow type in
nanofluidic systems such as SICM.

EOF arises due to the flux of ions in solution exerting viscous forces upon the
fluid in the direction of their movement, in many systems this force is not significant
because this force is equalised by the migration of cations and anions in opposite
directions.>> However, the existence of a charged surface causes an accumulation of
counterions as described by double layer theory and an exclusion of ions of the
opposite charge. An exitrinsic electric field tangential to the double layer is also
required to induce migration of the ions in the diffuse part of double layer in the
corresponding direction. This local imbalance of mobile charges within the double
layer causes net flux in one direction, thereby driving flow, this force is described by
Equation 1.8 in terms of the net charge (3; z;c;), electric field (V¢) and Faraday’s
constant (F).

g=-FQizic)Ve (1.8)

EOF is of relevance in SICM because at glass-aqueous interfaces, the silanol
groups on the surface of the glass are partially or fully dissociated depending upon the
solution pH (pK, 5-8), resulting in a net negative surface charge. There is therefore an
imbalance of mobile charges within the double layer in favour of anions, meaning that
in most SICM configurations, electroosmotic flow will generally be driven towards
the cathode (Figure 1.2). There is also a significant electric field parallel to the pipette
wall to drive flow, this is due to potential drop caused by the high resistance provided
by the constriction of the nanopipette.

The flow profile within the double layer is more complex than described so far
due to the complex transport properties within the double layer itself and the actual
mobility of ions and solution within the double layer is poorly understood.>*

However, it is generally agreed that there is a critical distance from the surface at
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which both ions and fluid become mobile, known as the slipping plane. This plane
marks the start of the diffuse layer and it is usually assumed to be the limit of the Stern
layer, within which motion is essentially prohibited due to the ordered structure of the
solvent and the Coulombic interactions with the surface. In simulations this effect is
usually enforced by imposing a no-slip boundary condition upon the flow velocity
field. Flow is therefore driven by the motion of ions outside of the slipping plane,
resulting in a plug flow profile within a channel. However, this is also dependent upon
other geometric and electrostatic effects and can instead result in extremely complex
flow phenomena. The effects of these phenomena are currently of interest in nano-
scale systems, where due to the relatively large size of the double layer when
compared to the channel radius, EOF can have large effects upon system behaviour.%
P The emergence of complex flow phenomena in SICM is therefore an area of active

research and is examined in Chapter 2.

Figure 1.2 Schematic of the EOF and ion distribution in a negatively charged
channel. The electrical double layer formed at the walls consists of a stagnant layer

and diffuse layer, separated by the slipping plane. An electric field tangential to the
double layer causes migration of mobile ions in the diffuse layer and bulk domains.
The dominance of cation migration in the diffuse layer generates EOF through forces

exerted upon the solvent by net ion movement. This typically generates a plug flow
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profile due to the friction at the slipping plane reducing flow velocity at the edges,

while the centre of the channel is relatively unimpeded.

1.2.7 Electrohydrodynamics

The fully coupled system of the Poisson, Nernst-Planck, and Navier-Stokes equations
provides a full description of the electrokinetic phenomena observed in many
electrochemically and physiologically relevant systems. The caveats for applying this
description to a system are that the charges and concentrations remain low enough to
maintain the assumptions of a dilute system, and that there the temperature and
viscosity remain constant. Numerical solutions to these equations can be used to
describe and quantify the phenomena which arise in electrohydrodynamic systems
such as in SICM.%% A common method for this is FEM simulation which allows
accurate representation of the geometry of a system while calculating numerical
solutions to these equations across the represented space.?* The details of method and
its application in SICM is described in more detail in Section 1.5.3.

Description of experimental systems with this system of equations allows us
to calculate the properties of the interface which give rise to the experimental response
observed. In Chapters 2 and 3, this allows us to calculate the flux of a species which
has been loaded into a nanopipette and delivered to a surface. This allows us to
investigate the transport properties of the system and quantitatively manipulate the
transport of the species in order to probe the reactions and processes occurring at the
interface. This also allow subtle perturbations to be applied to the interfaces examined
in Chapter 3, providing the opportunity to probe the structure and properties of the
interface itself. The application of this methodology to complex real-world systems
requires that the systems themselves are accurately described and incorporated into
the model, therefore it is necessary to understand the mechanisms driving reactions at
electrodes (Chapter 2) and complex biomaterials (Chapters 3 and 4). This allows us to
elucidate the interplay between the transport mechanisms and surface processes at
such interfaces and determine the array of responses arising from individual sites and

entities at the nanoscale.
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1.3 Processes at Active Surfaces

1.3.1 Reactions at Electrodes

Electrodes are integral components of scanning electrochemical probe microscopies
(SEPMs); in SICM they are used to drive ionic currents and in the case of scanning
electrochemical microscopy (SECM) they are used for direct feedback from faradaic
processes. Electrodes are also interesting substrates for SEPM and in the wider
literature due to their broad applications including sensing,®¢? industrial reactors,%%*
energy storage,’ and catalysis.® Electrode-solution interfaces exhibit the same
mechanics explored previously but also have the additional capability for electron
transfer between the electrode material and species in solution, and the ability to poise
the electrode at a given potential with respect to a reference electrode in solution.?® In
order for electron transfer to occur between solution phase species and the electrode
material, the species must be in close proximity to the interface. There must also be
sufficient driving force between the species and surface, defined by a difference in
electric potential. The observed currents are therefore dependent upon the mass
transfer to the electrode and the principles governing the rate of charge transfer at the
interface.®’

Figure 1.3 demonstrates relationship between the electrode and molecular
potentials which govern these reactions. The electrons within a fully conductive
electrode possess a continuum of energy states up to the Fermi level which can be
raised or lowered in order to induce reduction or oxidation of the interfacial molecule.
Reduction of a species will occur if the potential energy of the electrons within the
material is great enough to occupy the lowest unoccupied molecular orbital (LUMO)
of the molecule. Alternatively, oxidation will occur if the energy level within the
electrode material is lower than that of the highest occupied molecular orbital
(HOMO).

In the case of outer-sphere reactions the molecule does not have a strong
interaction with the electrode surface but must be within distances where quantum
tunnelling is possible.® This distance is typically less than 10 A, however it is highly
dependent upon the interfacial potential and the structure of the double layer.*® Outer-
sphere reactions include many metal complexes, also encompassing many proteins,
and the kinetics for such reactions can be defined by Marcus theory (1956).7° This

theory accounts for the difference in time scales between electron transfer and nuclear
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motion; the reorganisation of nuclear coordinates cannot happen on the timescale of
electron transfer. The probability of electron transfer is therefore far greater when the
nuclear coordinates of the reactant are in a position which they have in common with

the product, this is known as the Franck-Condon principle.7l

Figure 1.3 Schematic of the electron transfer processes according to electrode
potential. Electrodes have a continuous band of electron energies which can be raised

or lowered, known as the Fermi level. Raising the potential within the electrode
sufficiently will drive electrons from the electrode into the LUMO of a solution phase
species, reducing the molecule. Similarly, lowering the potential below that of the
HOMO will cause oxidation of the solution phase species by driving electrons into the

electrode. Note electrons need not be fully paired as displayed above.

These restrictions also apply to inner-sphere reactions which are defined by
strong interactions with the surface through which charge transfer can occur, though
these also have a dependency upon the factors controlling these interactions.2 After
electron transfer, the molecule is often in an intermediate state which must undergo
further reactions to reach the thermodynamically favourable product. These reactions
can be multi-step in both the electron transfer and chemical reactions which take place
and are often dependent upon the local solution conditions to provide other species

such as protons to react with. The properties of the interface can therefore have strong
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effects upon the rate of charge transfer reactions by defining the transport to the

surface, local surface concentrations of reactants, and local potential distribution.

1.3.2 Analytical Expressions for Charge Transfer

In cases where electron transfer is the rate limiting step, the kinetics are controlled by
the interfacial potential and can be described empirically by the Butler-Volmer
equation. To understand Butler-Volmer kinetics, we must first consider the potential

of an electrode at equilibrium. A general charge transfer reaction can be described by:
kr

O +ne =R (1.8)
kr

Where O 1s the oxidised form of a species, R is the reduced form, e~ is an electron and
the n is the number of electrons transferred in the reaction. The electrochemical
potential (F£) of a reaction is defined by the Nernst equation (Equation 1.10) which
describes the driving force of the reaction relative to the energy under standard
conditions. This can be derived from the thermodynamic potential and the Gibbs free

energy through the relationship between the two (1.9):

AG = AG® + RT1nQ (1.92)
AG = —nFE (1.9b)
— [’]
= & (1.9¢)
RT R
E=E——In~ (1.10)

where AG is the Gibbs free energy, AG? is the Gibbs free energy under standard
conditions, @ is the reaction quotient, E is the electrochemical potential, E, is the
electrochemical potential under standard conditions. This derivation is fundamental to
electrochemistry as it links measurements with absolute thermodynamic parameters
of the system. The definition of the concentration dependence of electrode potential is
important in SICM where quasi-counter-reference electrodes (QRCESs) are used to
apply potentials in the system (Section 1.5). The Nernst equation determines the
equilibrium properties of the system, where there is no net current at the electrode,
however where currents are being driven the system must be described kinetically.
The overall rate expression at an electrode can be written in terms of the net
current (i,.,) which is the sum of the currents generated by the overall rate of the

forwards ky and backwards reactions k,. at an electrode of area A:
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inet = i + i, = —FAk¢[O] + FAk,[R] (1.11)
where the reaction is a simple first order reaction, the rates can be assumed to take an
Arrhenius form in which the difference in Gibbs free energy is defined by the

overpotential (). This demonstrates an exponential dependence of each rate upon

overpotential:
n= Eelectrode — Eeq (1.12a)
_ 0,-a%l
kp = ke “rr (1.12b)
nrn
k, = ke Y%Rr (1.12¢)

where k© is the standard rate constant and « is the charge transfer coefficient, a
measure of the energy difference between products and reactants generally assumed
to be 0.5. Through substitution into Equation 1.11, the full Butler-Volmer relationship

defining the current density can be derived:

(1—a)nFn anFn)

inet = NAFK? - <[R]e rr — [O]e  ®T (1.13)

These relationships are used in bulk measurements of electrochemical systems to
relate experimental currents to the surface kinetics and transport properties of the
system. They can also be used to derive further relationships between the system
properties and the current response for more complex systems such as the Levich
equation for rotating-disk electrodes,® steady state currents for ultramicroelectrode
(UME) geometries,” or linked to electrohydrodynamic descriptions of the system.
This is important in Chapter 2, where Butler-Volmer kinetics are used to describe the

localised current at a UME during controlled delivery by SICM.

1.3.3 Ultramicroelectrodes

UMEs are electrodes which possess a critical dimension smaller than that of the
diffusion layer generated at steady state, generally agreed to be less than 25 ym.> There
are a range of geometries used for UMEs but the most common are disk electrodes
which have been produced at nanometer sizes. The advantages of using a UME are
the lower non-faradaic currents, decreased susceptibility to Ohmic drop, and high
mass transport. This is due to smaller electrode area, lower currents, and changing the
diffusion profile from the mostly planar diffusion of a macro-electrode to the radial or

hemispherical diffusion of a UME (Figure 1.4).™

15



Figure 1.4 Diffusion profile at a macro electrode and a UME.

As discussed above, the current response of an electrode is described by the Butler-
Volmer equation (Equation 1.15), with increasing overpotential a limiting case can be
reached where the electron transfer reaction is faster than the mass transport to the
surface./The system then reaches a steady state with a constant limiting current (ilim)
and the reaction is considered transport limited, as opposed to one limited by surface
kinetics.73 In the case of a macro-electrode with mostly planar diffusion, the Butler-
Volmer equation reduces to a form which is dependent upon the size of the diffusion
layer (S): 7

Aim P (114)

At a UME, ilim can be described by geometry dependent analytical expressions in
terms of the bulk concentration (c0), the diffusion coefficient of the species (D), the
number of electrons transferred (n), and Faraday’s constant (F).73 For a planar disc
electrode this uses the radius of the electroactive area (rUVE) and is defined as:77

him = 4uP " OTumE (1.15)
The fast transport to UMEs and low background charging currents mean that they are
useful for accessing information about fast kinetic reactions which are inaccessible to
larger electrodes that reach steady state at much larger overpotentials.’3 UMEs are
therefore used where fast, sensitive and robust responses are required, such as SECM,
with a broad range of applications,Band are often used the investigation of cellular
signalling and metabolism.780 Thus, UME behaviour is an important field of
investigation as the accurate determination of the response of a UME underpins many

measurements (see Section 1.5.1), this is investigated in Chapter 2.8
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1.3.4 Bulk Investigations of Electrodes
The interfacial processes and double layer structure have been shown to be important
to electrode activity, especially as electrodes approach the nanoscale.$?% Many
electrodes are heterogeneous surfaces due to the presence of different crystal faces,
grain boundaries, nanostructures, or surface terminations. Seemingly homogeneous
electrode surfaces can also have heterogeneities due to defects, edge effects, or
heterogeneities at smaller scales.®® Differences between these sites with regard to
surface termination and conductivity of the electrode material contribute to the overall
response of an electrode by affecting the local double layer structure and available
chemical groups.2>#35 This causes differences in the capacitive and faradaic responses
which must be considered when using electrodes that can have nanoscale
heterogeneities, particularly when looking at localised events such as nanoparticle
impacts or vesicle measurements.®3° Understanding the effects of these factors upon
double layer structure and surface kinetics is key to designing more accurate
electrochemical sensors, and more efficient materials for batteries and catalaysts.?%*!
Bulk electrochemical experiments take the form of amperometric or
potentiometric measurements in which the total current or average potential over an
electrode i1s measured. The kinetics at individual sites contribute to the ensemble
response of measurements such as cyclic voltammetry (CV) in which the potential
dependence of electrochemical processes are observed.®? Different sites will have a
different current-potential (i-V) dependence and the overall peak observed in a CV
will be a sum of the peaks at different sites, thereby obscuring the underlying
processes. Bulk measurements have been made for the ensemble response of
electrodes such as the carbon fibre UMEs investigated in Chapter 2,2 and for

measurements of crystal dissolution kinetics such as dental enamel used in Chapter

3 93,94

1.3.5 Soft Interfaces

Surfaces which are permeable to ions and solvent present a particularly complex
challenge for determining the properties of the interface. The structure and response
of the interface in this case is dependent upon potentials, ion transport, charge
distribution, and flow within the material.®> Materials which display behaviour of this

kind include many biological materials and the polyelectrolyte gels upon which cells
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and microbes are cultured (as considered in Chapter 4).°¢°” These considerations are
also necessary at other porous materials such as the polymeric matrices of
pharmaceutical formulations, or porous membranes.”®* There are a number of
methodologies used to approximate the response of such materials.!®

The fixed charges of a permeable polyelectrolyte layer contribute to the charge
density (p) contained within the Poisson equation (Equation 1.3a), which can therefore
be used to describe the potentials which arise in these systems. The bulk material
potential can be described with respect to the potential in bulk solution by the Donnan
potential.'®! This arises as a sum of the Nernst potentials for each charged species due
to the ratio of the concentration within the material compared to that in bulk solution.

However, when i1onic currents are being driven within the material the transport
properties within the material must also be considered in order to calculate the
resulting ionic fluxes. The properties which affect transport are generally caused by
the tortuosity of the path between two points giving the effective diffusion coefficient
within a material due to the increased distance travelled.!> However, charged
nanoscale channels can introduce added complications as the double layer is highly
overlapping and the diameter of a hydrated ion is approximately 10% of the channel
diameter in the systems considered herein.!%1% These effects cause increased anion
exclusion and surface conductivity as the double layers of each side of the channel
overlap significantly.®s This is therefore dependent upon the charge of the channel
walls and the same factors which contribute to the Debye parameter (Equation 1.3c),
effects similar to this are discussed in section 1.5.3.2.

Flow within a porous material is also altered for similar reasons to diffusive flux,
with an additional increase in internal fluid stresses due to the confinement within
channels. Therefore there is a decreased flow velocity, this is described by the
Brinkman form of Darcy’s law, which modifies the Navier-Stokes equations with the
material properties of permeability to correct for the accessible volume and the effects

of confinement upon internal stress:
uvu = %(—Vp +EV2u — F (8 216,)V) (1.16)

where K is the material permeability to flow.
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1.3.6 Electrohydrodynamics of Living Cells

The interface at living cells is comprised of a complex soft interface with additional
fluxes of charged and neutral species caused by the metabolic and homeostatic
processes occurring within the cell.1%5-197 A cell interface is comprised of an insulating
lipid bilayer with limited permeability to ions provided by protein channels, flux of
these ions is carefully controlled for internal osmoregulation of the cell. These protein
channels can be affected by pressure and voltage changes, even causing depolarisation
of the cell membrane potential and large fluxes of ions across the membrane.!®
Prokaryotes also generate a proton gradient across the cell membrane which is used
for generation of ATP. The flux of metabolites in either direction is also carefully
controlled and can generate a total ionic flux in either direction.!® The membrane will
also have other proteins and carbohydrates associated with it, generating permeable
charged polyelectrolyte layers which are described above. Due to the range of factors
affecting the structure and fluxes at cellular interface living cells form especially
challenging substrates to interrogate.

Analysis of the electrohydrodynamics across entire cells and averaged over
populations has been performed, however cells display a high degree of heterogeneity
across individual cell membranes and throughout cellular populations.!1®!!* The main
way in which this is performed is by applying an alternating voltage across a
population of cells in suspension and using dynamic light scattering to monitor the
resulting motion.!'? This information can be used with various approximations to
calculate the charge and flow properties of the soft interface at cell surfaces. The
potential, resistance, and capacitance of the cell membrane can also be measured
through patch-clamp techniques, however this requires a seal to be formed at a small
portion of the cell membrane and doesn’t allow measurement of the highly permeable
portions of the cell envelope external to the membrane.!'*!** The concentration and
fluxes of metabolites can also be measured through electrochemical means using
UME:s.? Microiontophoretic techniques are also important for investigation of cellular
responses to chemical stimuli and can be used to measure the response of cells to
controlled delivery of drugs or other species.!'> These have been used to extensively
investigate cellular signalling among other processes, and this delivery methodology

has been well characterised experimentally and through simulation. 11119
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Bacterial cells are particularly interesting due to their diversity and the
complexity of their external interface.'® This is due to the intricate integration of their
metabolism with their cell envelope and their capacity to modify their external
environment through secreted substances.!?%!2! These factors are important for the
design of antimicrobial interfaces,'?>!% investigation of bacterial communities,'?* and
antibiotic resistance.!?>126 Chapter 4 exploits the difference between gram-positive and
gram-negative cell envelopes to ascertain the effects of the above properties on the
SICM response and use SICM functional mapping to begin building models of the

bacterial cell envelope.

1.4 Techniques for in sifu Functional Mapping

Investigating the characteristics and activity of a surface requires techniques which
are extremely sensitive to variation in the properties of the interface. Across a wide
range of fields it is becoming increasingly appreciated that to comprehensively
understand bulk or population characteristics, the function of constituent sites and
individual entities must be considered.?* The value of single entity functional imaging
has been demonstrated in catalysis,®®!?” corrosion,'?® crystallization,® and across
various aspects of biology,”*¥ 12 where various microscopies lend themselves to this
aim' and are generally split into three categories; optical microscopy, electron
microscopy, and scanning probe microscopy (SPM), each containing an abundance of

techniques with individual advantages and disadvantages.

1.4.1 Optical Microscopy

Optical microscopes were the first to be developed in the early 1600’s using visible
light and now extend to include fluorescent microscopy,'3! spectroscopies,'*? and X-
ray microscopy.'® The resolution of optical microscopy is defined the Abbe

diffraction limit (Equation 1.17):

r= ﬁ (1.17)
Where 1 1s the minimum resolvable distance between two points, and NA is the
numerical aperture usually with a value of 1.4, giving a best possible lateral resolution
on the order of a few hundred nanometres depending upon the wavelength used.34135
This allows visualisation at length scales which are useful for many applications in

which processes can be directly observed but is otherwise information poor. One
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method of circumventing the diffraction limit is using high frequency light such as
UV or X-rays, with tens of nanometres resolution demonstrated.'** However, damage
to the sample due to the high energies of incident radiation is generally a concern.

Combining microscopy and spectroscopy, by measuring the spectrum of
scattered or transmitted light, allows far more information to be gathered about the
properties of a surface.’? A common example of this is Raman microscopy which uses
the Raman shift from laser light inelastically scattered by the sample to report upon
the vibration states of the irradiated molecules.’®213¢ This allows highly specific
characterisation of a surface while providing high information density however it is
inherently insensitive and complex mixtures can prove difficult to analyse. Surface
enhanced Raman spectroscopy (SERS) is one method to overcome this barrier,
enhancing the Raman signal by interaction with induced plasmons on nanostructured
metals to provide selectivity and sensitivity capable of single molecule detection.” A
related technique is surface plasmon resonance (SPR), which has been used for
mapping of structural changes in cells and surface binding phenomena. 3314 However,
these techniques are only able to access the interface between the sample and the
polarisable dielectric material (generally a noble metal).

Fluorescence microscopy can be considered a special form of spectroscopic
microscopy which excites and detects a small band of wavelengths. This technique
generally requires tagging or staining of the sample with a fluorescent marker protein
or dye. Selectivity is provided by irradiating and detecting at the specific excitation
and emission wavelengths of these markers.!3® Functional properties structures and
surfaces can be investigated by selecting marker dyes with specific binding or the
ability to report characteristics such as pH.'*! The wide variety of available markers
allows investigation of a range of functional properties, however dyes can
significantly perturb the system being investigated, are often cytotoxic, and have
limited specificity.* Fluorescent tagging of proteins is also labour intensive and can
alter or inhibit protein function. While optical microscopy is well suited to fragile and
live samples, the high intensity of excitation light can cause photodamage which can
be particularly problematic in long confocal scanning regimes.'* Fluorescent
microscopy is generally diffraction limited, however super-resolution microscopies
which ‘break’ the diffraction limit have been advent.!**!% These methods generally

employ sophisticated and complex fluorophores, computational procedures, or
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detection methods.*> Overall, optical microscopy is generally well suited to in situ
functional imaging if suitable fluorophores are available or the system in question does

not require resolution below that of a few hundred nanometres.

1.4.2 Electron Microscopy

Electron microscopy allows far higher resolution compared to optical microscopy due
to the smaller wavelength of electrons which is around 2 pm depending on acceleration
voltage of the electron beam (30 kV to 500 kV).* Scanning electron microscopy
(SEM) scans the electron beam over the surface of a sample and detects secondary or
backscattered electrons from the surface. SEM resolution is highly system and sample
dependent, highly conductive samples permit higher acceleration voltages and
therefore resolution on the scale of nanometres. On the other hand, insulating samples
may require sputtering with a conductive layer to prevent charging and allow any
imaging at all. TEM lacks the requirement for conductivity because the sample must
be thin enough (< 500 nm) for the electron beam to pass through.'*> Cryo-TEM allows
imaging at a similar resolution of soft samples and interfaces and has been used to
image both sample and solution structure.!* Atomic resolution is possible with
scanning transmission electron microscopy (STEM) which scans the TEM electron
beam over the sample.'¥” Samples must generally be robust to high vacuum as ambient,
in situ, or liquid EM require more complex configurations. Limited resolution can also
be achieved for organic samples as beam damage occurs at higher magnifications.!*
Electron microscopy provides high resolution information about interfaces but any

functional information must be inferred from structure.

1.4.3 Scanning Probe Microscopy

SPMs are not limited by diffraction as they use various probes controlled by
piezoelectric positioning systems to interrogate the surface. The first SPM developed
was scanning tunnelling microscopy (STM) in 1981, closely followed by atomic
force microscopy (AFM) in 1986, and the first scanning electrochemical probe
microscopy (SEPM) was scanning electrochemical microscopy (SECM) which was

developed in the late 1980s.78:150-153
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1.4.3.1 Scanning Tunnelling Microscopy

STM uses a conducting tip to measure the topography of a conductive substrate by
applying a bias between the two which causes a current to be passed once the tip is
within electron tunnelling distance of the substrate.!>* The main requirement of STM
is therefore that the substrate is conductive, however it can be used to report the local
of conductivity.'>>15 These systems capable of resolving individual atoms and bonds,
as the main limit on the resolution is the radius of curvature at the end of the tip. STM
has been used to image bond rotations!¥” and is capable of ‘video-rate’ time
resolution.’® Metallic probes are usually used however the highest resolution
techniques functionalise the apex of the tip with molecules such as carbon
monoxide.'>* STM is usually operated under ultra-high vacuum however it can be used

in other media such as air and water, though with some sacrifice in resolution.!®

1.4.3.2 Atomic Force Microscopy

AFM similarly maps the topography of samples however it can be used for insulating
substrates. A laser is used to measure the deflection of a cantilever which is generally
brought into contact with the surface, thereby measuring the forces generated. Non-
contact mapping can also be achieved by oscillation of the probe and measurement of
the change in frequency as the tip approaches the surface.'® AFM can therefore be
applied to a wide variety of substrates in sifu, including soft samples for which the
mechanical properties can also be mapped.'? The resolution of AFM approaches
atomic level under ultra-high vacuum but is otherwise sample dependent due to
molecular motions in other media and therefore on the scale of nanometres.!%

Two common forms of functional mapping techniques based upon AFM are
electrostatic force microscopy (EFM) and Kelvin probe force microscopy (KPEM).
The most common form of EFM operates much like non-contact AFM, however a
potential bias is applied between the tip and the sample while the cantilever is
oscillated at its resonant frequency. The electrostatic forces between the tip and sample
affect the oscillation of the cantilever in terms of phase or frequency throughout
approach to the surface.!®* Given knowledge of the work functions of both the tip and
substrate, this information can be used to calculate the local surface charge however
this interpretation is a major challenge in many systems.!%* The major limitation of this

method is that the sample must be in a highly resistive media to prevent faradaic
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reactions and formation of a double layer at the tip and surface, therefore physiological
conditions are not possible. However, this does allow use of the technique in air and
deionised water, and it has been used to measure the nanoscale electrical properties of
bacteria,'®® graphene,!®’ ionic transport,'*® and photovoltaic dynamics.!®

KPEFM is capable of reporting similar information to EFM by applying an
alternating voltage to the probe at the resonance frequency of the probe, with a direct
voltage offset.!” This forms a capacitor between the probe and substrate, much like
with EFM, with the direct current (DC) component reporting topography and the
alternating current (AC) component relating to capacitance and therefore surface
potential. As a conductive substrate is required, KPFM has been used largely for
characterising the work function of electrodes and semiconductors, however it has had

limited use upon biological molecules.!”!-173

1.4.3.3 Scanning Electrochemical Probe Microscopy

SEPMs use an electrochemical signal to interrogate a surface; SECM uses a UME as
a probe to provide feedback,” while SICM and scanning electrochemical cell
microscopy (SECCM) use an open channel in the form of a nanopipette.5174175
Electrochemical probes such as these have a far wider scope for functional mapping
in comparison to other SPMs, allowing analysis of dynamic properties of the surface
such as electrochemical activity,'’¢ transport,'”” reactivity,'’® and stability.!”

SECM is the most common technique employed for this purpose, using
amperometric or sometimes potentiometric feedback to report local transport and
electrochemical properties.!3%18! [t requires the sample to be immersed in electrolyte
solution, allowing a potential bias to be applied (or measured in the case of
potentiometric SECM) between the UME probe and a QRCE. This is used to drive
faradaic reactions at the surface through oxidation or reduction of an electroactive
molecule which may be present in solution or generated by the substrate surface,
depending upon the feedback mechanism.

Approaching the UME to an inert substrate will cause a decrease in the current
due to hinderance of transport to the electrode surface, causing a drop in current and
allowing the surface to be detected. In cases where the substrate is reactive towards
the electroactive reporter molecule or if transport is occurring into or out of the

substrate, the consequential local changes in concentration can be detected. SECM is
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therefore sensitive to a wide range of surface processes, including conductivity,
reactivity, topography, permeability, and porosity.’®® This causes a convolution
between interfacial processes and tip-substrate separation which usually requires
numerical simulation to access the contributing factors.!® The resolution of SECM is
also typically on the scale of microns as fabrication of nanoelectrodes is difficult and
time consuming, however recent progress in this area has allowed nanoscale imaging
with SECM.71021821018 SECM has been used extensively for the measurement of
cellular metabolites and signalling molecules,®® and has also been used to generate
protons at an enamel surface to induce dissolution which can be quantified by
subsequent measurement of the etch pit.'$*

Open channel techniques such as SICM and SECCM utilise nanopipettes
which are simple to fabricate using a laser pulling system. The pulling parameters such
as heat, pulling time, and speed can be tuned to produce a nanopipette of the desired
dimensions.!851% These techniques also require electrolyte solution as they rely upon
the ionic current being passed between two QRCEs, however no electroactive
mediator is required. SECCM can be used in single or dual barrel mode,!?%” and
avoids immersing the entire sample in electrolyte, instead using a droplet of electrolyte
delivered via the nanopipette to create a confined electrochemical cell within which
the surface is interrogated.®!”s This is beneficial for large conductive samples which
in SICM would cause parasitic currents to overwhelm the ionic current response, a
processes limited by permitting electrochemical measurements only in the wetted area.
The response and resolution of SECCM is therefore dependent upon the surface
wetting properties which must be carefully considered when designing experiments.!7®
SECCM has been used for a range of substrates, in dual barrel mode for insulating
substrates, or single barrel mode where a potential bias can be applied to very small
areas of the substrate. However, this means that SECCM does require that the rest of
the interface is dry or protected by an immiscible fluid and is therefore generally
unsuitable for biological systems.

Single barrel SECCM has been used to examine surface heterogeneities across
a range of electroactive substrates with applications in batteries,” corrosion!?® and
catalysis.!®® This allows elucidation of the amperometric and voltammetric response
of individual entities and sites by performing traditional electrochemical experiments

like CV or galvanostatic methods on isolated areas of the surface.®>17%1%° Double barrel
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SECCM can be used for nanoscale delivery of species to a surface and the two barrels
can be loaded with different solutions. This method has been used to deliver species
for nanoscale surface patterning!® and has also been used for crystal dissolution
studies in a similar manner to SECM by delivering an acidic solution to an enamel
substrate (vide supra).'”®

SEPMs are extremely versatile in the potential applications to measure
processes at the interface and access surficial information at the nanoscale in sifu.
SICM is the main technique used in this work because if its potential for accessing
electrochemical dynamics and physical properties in situ for aqueous interfaces and

physiological conditions (vide infra).

1.4.4 Multi-Microscopy Methods

The most powerful investigations into surface properties have been performed using
multi-microscopy techniques to access complementary information about a substrate,
often providing the ability to link structure and function.® The versatility of scanning
probe techniques facilitates development of hybrid methods through employment of
probes which can simultaneously act as various combinations of SEPMs, AFM, and
STM. Examples of this are SECM-STM,*! SICM-SECM,,*? AFM-SECM,'* and
AFM-SICM,® in these methods one technique is often used for accurate
topographical feedback while the other provides the capacity for functional mapping.
These can also be combined with spectroscopic microscopy for example in the case
of tip enhanced Raman spectroscopy, or through correlative multi-microscopy by

analysing the same sample on multiple or integrated platforms.t30.19

1.5 Scanning Ion Conductance Microscopy

1.5.1 Technique Fundamentals

SICM uses changes in the ionic current driven through a nanopipette as feedback for
pipette-substrate separation in order to build a topographical map of a substrate
immersed in electrolyte solution (Figure 1.5). The technique was first developed in
1989 by Hansma ef al. for the topographical imaging of insulating surfaces.!*® Korchev
et al. (1997) introduced important theoretical considerations of the feedback response
which improved the robustness of the technique and allowed the application of SICM

to living cells.’” Development of more robust scanning protocols in have aided in
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improving the resolution and expanding the application of SICM to a more diverse
range of substrates.1B1P Meanwhile, increased understanding of the ion current
response has facilitated the use of SICM for functional imaging, allowing extraction

of information about the processes and properties at the substrate interface.34800

X-y piezo substrate

Figure 1.5 Schematic of a standard SICM experimental configuration and
example topography. (A) The standard SICM set up in which a bias is applied

between two QRCEs in electrolyte solution, one of which is within a nanopipette,
using the ionic current driven through the nanopipette for positional feedback (a
schematic of a bacteria is used to represent the substrate). (B) An example of a
topographic image obtained through SICM topographical mapping of Bacillus
subtilis (taken from Chapter 4).

The probe utilised in conventional SICM experiments comprises of a single
barrelled borosilicate or quartz pipette with a typical aperture diameter of around 200
nm, though this can range from 5 nm to 2~m .20 The resolution of SICM is calculated
to be between 2/3 and 3/2 times the pipette diameter, the discrepancy between these
values is likely due to differences in the height and geometry of the features for which
resolving power was calculated. 228 Therefore the maximum resolution of SICM is
less than 10 nm and it has been used to effectively resolve individual proteins with
experimentally estimated resolution of 3-6 nm.24The pipette is usually filled with the
same electrolyte solution in which the substrate is immersed, however this is not a
strict requirement as differential concentrations and solvents have been used.55ab An

ionic current is generated through the pipette channel by applying a potential bias
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between two QRCEs; one placed in the bulk electrolyte solution and the other confined
within the nanopipette. The constriction at the orifice of the pipette limits the ionic
flux through the system, generating a resistance on the scale of G which dominates
the ion current response.?”® Consequently, the technique is particularly sensitive to the
local ionic conductivity and resistance in the region around the pipette orifice.

The probe position relative to the sample is controlled by a three-dimensional
piezoelectric positioning system which controls vertical (z) and horizontal (X-y)
translation of the probe and/or sample with sub-nm precision. This allows translation
of the pipette towards the surface, increasing the gap resistance as a function of tip-
substrate separation therefore the increasing the system resistance as defined by

Equation 1.17.1

PR
Rp+Rg(d)

(1.17)
where [ 1s the 1onic current, V is the voltage between the two QRCEs, R, is the pore
resistance, and R, is the gap resistance as a function of distance d. When the gap
resistance is on a similar order of magnitude to the access resistance of the nanopipette,
it causes a detectable decrease in the ionic current which can be used as positional
feedback for distance from the substrate. This occurs at distances which are similar to
the inner diameter of the pipette orifice, providing a feedback mechanism which
prevents the probe from touching the surface. However, complexities can occur within
the feedback response due to phenomena such as surface charge or interfacial ion
fluxes which affect the local ionic conductivity at the pipette orifice.?’® With careful
selection of experimental parameters, the contribution from these effects can be
minimised and even exploited to provide further information about the interface in the
form of functional imaging. The lack of surface contact makes SICM an ideal non-
invasive imaging technique for soft samples such as biological samples, and with

careful experimental design the dependency of the ionic current of surface phenomena

can be exploited to provide new avenues for information.

1.5.2 Feedback Types and Scanning Regimes

The scanning protocol used in SICM can be altered in several ways to suit the sample
and experimental requirements. Constant-distance mode was the first scanning
protocol used in SICM (Figure 1.6A), whereby the tip is first approached to the surface

until a desired change in ion current is observed (usually 1-2% that of the bulk
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current). 14 This current magnitude is maintained throughout the scan by adjusting the
z-height of the probe accordingly as the tip is translated across the surface, maintaining
a constant tip-substrate separation. This method provides continuous surface
information and is the fastest scanning method as it maintains surface engagement
throughout the scan, which is often performed in a raster pattern but can also be
performed in harmonic scan patterns such as spirals which reduce the limitations
imposed by x-y piezo feedback times and momentum.17/82007 However steep changes in
the surface topography can cause contact which jeopardises the probe integrity and

can cause damage to the sample.197207

Figure 1.6 Main scanning procedures of SICM. (A) Constant-distance mode in
which the same tip-substrate separation is maintained while the probe is scanned over
the surface. (B) One possible configuration of scan-hopping mode in which the probe
is retracted a set distance from the previously obtained approach distance before lateral

translation.

The scan-hopping procedure offers the greatest robustness to steep changes in
surface height and is the primary technique used in this work (Chapters 2 and 4). In
this case the tip is again approached to the surface using the change in ionic current as
feedback but in this case the tip is retracted into the bulk electrolyte before x-y
translation and the procedure repeated at each pixel (Figure 1.6B). In this manner a
topography map of the surface can be constructed from pixels which are point
measurements of the surface. The retract distance required depends upon the how
precipitous the sample is but for most measurementsaBgreater than 1-2~m from the

surface is considered bulk. This greatly reduces the probability of contact with the
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surface as the probe generally approaches from a direction perpendicular to the
surface. Drift in the ionic current can be accounted for by normalising the currents at
each pixel to the corresponding bulk measurement, ensuring that changes in current
during the approach at each pixel are predominantly due to proportional changes in
R.. The hopping protocols also allow greater experimental complexity as, after
approaching to the set tip-substrate separation, the voltage can be modified to provide
information for functional mapping.** This protocol is slower than the constant-
distance method, however ongoing developments in the protocol and instrumentation
are closing the gap to allow robust high-speed SICM.209-212

So far, the protocols described have concerned the DC mode of feedback
which uses the unprocessed ion current under a regime where the potential between
the QRCE:s is held constant and the probe is translated at linearly in the z-axis. This is
the most conventional SICM feedback type as it is the simplest to implement and
provides the fastest response time to changes in resistance at the tip orifice and
therefore the fastest scan rate. However, the parameters must be judiciously selected
to minimise contribution of surface properties such as surface charge to the feedback
signal which can alter the approach distance. For this reason, electrolyte
concentrations are usually kept relatively high (>50 mM) and applied biases low (<100
mV).2% [t is also prone to drift which can compromise the scan, and changes in DC
can be sensitive to surface phenomena. It can therefore be advantageous to employ
more complex feedback types which can be combined with both scanning protocols
to minimise these issues.

Distance modulated (DM-SICM) and bias modulated SICM (BM-SICM)
introduce an AC component to the otherwise DC ion current signal. DM-SICM holds
a constant potential while applying a sinusoidal perturbation to the z-height of the tip
with an amplitude 10-20% of the nanopipette diameter and a frequency of several
hundred Hz.2!®> When the tip is in the bulk environment there is no AC component to
the signal, however as tip-substrate separation is decreased, the differential gap
resistance between the heights within a single period of probe oscillation introduces
an AC component to the current. The amplitude of the AC component is extracted at
the same frequency as the oscillation and used as feedback for tip-substrate separation,
increasing upon approach to the surface. This minimises the effect of current drift over

the course of a scan as the AC amplitude is only dependent upon the current change
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within a single period of oscillation. DM-SICM is therefore extremely useful for
constant-distance scanning protocols which are susceptible to DC drift and maintains
accurate tip-substrate separation even with changing local ionic conductivity due to

dynamic interfacial processes (Chapter 3).

_ . bulkk 0 ~ bulk
tip-substrate separation tip-substrate separation

Figure 1.7 Diagram of SICM feedback regimes used herein. (A) DC feedback
where the voltage between the two QRCEs is maintained constant and the probe is
translated monotonically towards the surface, resulting in a decrease in normalised
current with decreasing tip-substrate separation. (B) DM-SICM in which a sinusoidal
oscillation is applied to the z-height of the probe, resulting in an AC component within
the normalised current due to the oscillating resistance, the amplitude of this AC

component is used for feedback.

BM-SICM is not utilised within this work, however it is an important feedback
type which has been developed to ensure minimal perturbation of the substrate.24In
this feedback mode, the sinusoidal perturbation is applied instead to the bias between
the two QRCEs to directly generate an AC feedback signal. The monitored output in

this case is the AC phase which is extremely sensitive to changes in the capacitance
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of the system and therefore proximity to the substrate double-layer. This has the
advantage of applying no net bias to the system, allowing the surface to remain almost
completely unperturbed by the measurement. Furthermore, the range of frequencies
which can be applied are far wider and the system has the potential to provide similar
information to electrochemical impedance spectroscopy from which a full equivalence
circuit of a system can be calculated.>?#

Each of these techniques has its own advantages or disadvantages with regard
to speed, precision, robustness, and sample perturbation. The scan hopping protocol
with DC feedback is employed in Chapters 2 and 4 because it allows the greatest
flexibility for changing the bias at the substrate surface for functional mapping and
controlled delivery of species from the pipette. A distance modulated procedure is
used in Chapter 3 as it provides precise and continuous positional feedback, while the

AC component of the signal is more robust to changes in local ionic conductivity (vide

infra).

1.5.3 Quantifying the SICM Response with FEM
1.5.3.1 Modelling of SICM Systems

The SICM ion current response for the described scanning procedures is a convolution
of a number of different factors which can only be understood with theoretical
considerations of the underlying mechanisms. A number of analytical expressions
have been determined which relate the ionic current to the tip-substrate separation as
a function of nanopipette semi-angle and the diameter of the opening.?!> However, this
has limitations, and the inner and outer geometry of glass of the tens to hundreds of
microns into the pipette has been shown to affect the SICM response.?® These
expressions also cannot incorporate the details of more the complex systems which
require consideration of local ion distributions.

Discretisation methods allow description of these inhomogeneities by building
arepresentation of the geometry of the system. At discrete points across this geometry,
a system of partial differential equations which describe the physicochemical
phenomena can be solved. In the case of SICM this is the Poisson-Nernst-Planck
system, which may also be coupled to the Navier-Stokes equations to incorporate the
effects of fluid flow. It is also possible to include descriptions of processes or reactions

at surfaces or in solution, allowing simulation of a wide range of systems. This makes
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discretisation methods extremely valuable in understanding the ionic current response
in electrochemical systems such as SICM.® FEM simulations are the most widely
applied as the system of equations and boundary conditions is easily formulated and
commercially available programs such as COMSOL Multiphysics (used herein) can
be employed. Finite volume method simulations and finite difference method
simulations have also been employed for similar systems, however they are less
numerically stable and have more geometric constraints.2l6

FEM simulations allow accurate representation of the pipette geometry and
have proven efficacy in the modelling of accurate current-voltage (i-V) responses of
nanopipettes. Through measurement of the pipette using TEM (Figure 1.8A), accurate
geometries of nanopipettes can be obtained at nanometre scale resolution and
replicated in an FEM model. 2D The geometry of the nanopipette is one of the most
important factors determining the SICM response because it defines the resistance to
ionic flux through the pipette. Once the geometry is built the simulation domain is
meshed, a process in which the domain is represented by interlinked nodes at which
the system of partial differential equations describing the physics of the system is

solved (Figure 1.8B).

A B

Figure 1.8 TEM of a typical nanopipette used in SICM experiments with the
COMSOL simulation domain built from it.

Boundary conditions must also be selected to enforce the voltages applied

during the experiment, the fluid conditions at surfaces or openings, surface charge,
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and species fluxes. Numerical solutions to these equations can be obtained using a
number of methods but often the damped Newton-Raphson method is common for
steady-state simulations and backwards differentiation formula for time-dependent
simulations.?'” Interpretation of these simulations requires careful inspection to ensure
physically realistic solutions, however they are capable of providing insights into the
mechanisms underlying complex measurements such as SICM and calculation of

quantifiable surface properties.

1.5.3.2 Ion Current Rectification
The i-V response of a nanopipette is a convolution of several physical factors which
define a potential dependent resistance to the ionic current through the pipette.
Imbalances in the mobility of ions through a nanopipette or conical nanopore cause a
characteristic curvature in the i-V response, or rectification. The most important
factors are the wall charge, pore geometry, and ion distribution. The double layer
formed at the negatively charged glass walls causes an enrichment of cations within
the channel and larger volume through which they can travel, while the same effects
causes a relative exclusion of anions. This reduces the relative resistance within the
pore when the QRCE within the pipette is poised at negative biases when current is
largely carried by the inwards flux of cations, causing an enhanced ion current. At
positive tip QRCE biases, the increased access resistance to anions travelling into the
pipette causes a reduced ion current. The pore radius to Debye length ratio (k™ 1r) is
therefore important, as the double layer must encompass a significant volume of the
pore for the effect to be prevalent.?!® This effect dominates the current response to such
a large degree because the access resistance of the pipette is the largest source of
resistance in the system. Overlap between the double layers either side of the channel
will also enhance the effect, therefore any factors which affect the Debye length will
have an impact upon the nanopipette response. The cone angle of the pore also has a
strong effect upon this as it defines the length of the channel through which these
effects take place.

Many SICM systems can be accurately described by the Poisson-Nernst-Planck
system of equations (Equations 1.3a and 1.5) coupled to the Navier-Stokes equation
(Equation 1.7), as these govern the aforementioned processes (vide supra). FEM

simulations can therefore be employed to accurately describe the geometric and

34



physical effects in SICM systems. They have also been valuable in understanding the
driving forces and interactions between factors which determine ion-current
rectification including wall charge,?® pipette geometry,?'® pore length,??° pressure,??!
electrolyte concentration,?”? ionic gradients,?”® potential scan rate,?* and solution

viscosity.??

1.5.3.3 Electroosmotic Flow in SICM
Description of the SICM system using FEM with incorporation of the Navier-Stokes
equation allows assessment of the flow phenomena which may occur and could affect
the system properties. Generally EOF does not have a significant effect upon the ionic
current response in SICM as ion transport is dominated by migration,??%2?” however it
can be significant in some configurations especially when used to control the flux of
neutral species.5¢>7:117
EOF in a nanopipette has a complex behaviour due to effects of the changes in

channel width upon pressure and electric field. In SICM the channel takes the shape
of a conical frustrum with varying cone angle, this causes non-linearity in the electric
field tangential to the wall driving EOF.2*® At the same time, the nature of
incompressible flow (Equation 1.7) in a conical system dictates that the total flow
velocity across the channel is maintained throughout the entire length. This is a
manifestation of Bernoulli’s principle, which causes a drop in pressure with an
increase in velocity where flow is constricted, and an increase in pressure with a
decrease in velocity where channels expand.??® Combined with the EOF driven at the
channel walls this results in complex flow phenomena which are only just being
described.5!:55227

Factors which affect the ionic migration and contribute to ICR also affect EOF 32
therefore causing flow rectification which allows the use of nanopipettes as fluidic
diodes.?%22 Wall charge is the main underlying cause of EOF and alteration of the
wall charge has been used to control and reverse EOF in nanopipettes.?¥23* Electrolyte
concentration also has a large effect because of the relationship with the size of the
diffuse layer, reducing the electrolyte concentration increases the Debye length and
increases flow rate where there is overlap between the double layers either side of the
channel.?'® Other aspects of an SICM system that have been explored in terms of flow

are concentration imbalance,% pressure,??!3% and nano-biopsy.7%236.237
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1.6 SICM Functional Mapping
In recent years, SICM protocols have been adapted to allow mapping of the processes
at interfaces and provide information about properties beyond that of surface
topography. SICM has the ability to access information about any processes which
affect the transport properties and local ion conductance at the tip interface. It can also
be applied in a wide range of conditions, allowing in situ functional mapping of
catalysts and biological substrates. The power of SICM to access this information has
been displayed since its inception, with the first paper mapping transport through 800
nm membrane pores.1% Since then, the sensitivity of SICM to changes in the local
ionic conductivity has been used to map transport such as that through individual ion
channels in living cells,29 and reactivity through the electrochemical flux at
nanoparticles.18

Manipulating the potential bias between the QRCEs has allowed precise
control over the sensitivity of the ion current to interfacial properties and has also
facilitated controlled delivery of species with SICM.828 Figure 1.9 shows the
scanning regimes utilised for these methodologies, where a hopping regime is used to
approach the surface at the approach potential (Va), after which the probe remains at
the surface and the potential is pulsed (Vp) and the current monitored to product an i-t
curve, alternatively the potential can be scanned over a range (Vi) to produce i-V
curves. The probe is then retracted and the procedure repeated in bulk in order to

normalise the current and account for drift.6

£

Jz

Figure 1.9 SICM functional mapping potential control regimes.
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Comprehensive simulation of the pipette response allows the surface
properties to be investigated as any further changes to the ionic current at the surface
are due to interaction with the substrate. Careful selection of approach parameters can
be used to determine tip-substrate separation independent of substrate properties.2%
The i-V or i-f curves can then be simulated with a range of interfacial properties to
calculate which substrate properties give rise to the experimental response. Through

this protocol the underlying surface properties and processes can be extracted.

1.6.1 Ion Flux Quantification
SICM functional mapping is particularly powerful when applied to the detection of
local ion fluxes at surfaces. These methodologies have been used to monitor nanoscale
variations in fluxes from individual catalytic nanoparticles,'’®#?° synthetic nanopore
membranes,?® and individual nanopores in cell membranes.!? Potential control
methodologies have also been extended to control of the flux of species contained
within the nanopipette, through migration in the case of charged species or by
controlling EOF in the case of neutral species.!1¢1824 These methodologies have been
adapted from microiontophoresis techniques which control delivery of species from a
micropipette or nanopipette through the application of pressure or voltage.'*> This
allows controlled delivery of such as drugs or other molecules to a cell, usually at the
scale of individual cells. These methods have been integrated with SICM
methodologies for combined delivery and mapping, and the smaller channel size of
SICM probes allow EOF to be exploited to control delivery of neutral species.” This
was first demonstrated by the SICM mapping of cells with the simultaneous localised
delivery of capsaicin, and combined with fluorescence microscopy for quantification
of the cellular response.’?® This has been applied to the delivery of DNA,2*#
proteins,” fluorophores,” and other small molecules,?® combined with multi-
microscopy methods and FEM simulations to quantify delivery. Delivery
methodologies have proven powerful in quantification of the localised uptake and
response of cells to neurotransmitters and drugs, recently this has been extended to
mapping nanoscale electrochemical activity of electrodes.®!

The ability to perform controlled delivery of a species to an electrode with
nanoscale precision is an incredibly powerful technique for probing the structure of

and interface. Bulk techniques such as chronoamperometry require the changing of
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electrode potential to induce charge transfer between the electrode and species in
solution. This causes a large capacitive spike in the current as the double layer is
established and mobile ions rearrange to counteract the surface potential, obscuring
the initial faradaic current. Controlled delivery to an already poised electrode allows
the charge transfer at that particular potential to be accurately assessed at the nanoscale
in a system which is already at equilibrium. This allows quantification of local surface
kinetics and interactions of the delivered species with the already established double
layer. This is particularly important as electrodes become smaller and these effects
become more prominent,'’® and electrocatalysts incorporate nanostructured
materials.* It is also important to understand these heterogeneities in terms of the
electrode response to allow further analysis, especially in the case of individual
events 3624

These methods are utilized in Chapters 2 and 3 to examine the underlying
mechanisms of delivery and to understand reaction kinetics at a dissolving surface.
The same effects are also considered in Chapter 4 where the complex interface of the

bacterial cell envelope is investigated.

1.6.2 Charge Mapping
The sensitivity of SICM to different interfacial properties can also be controlled
through the potential program applied during scanning. Substrate surface charge has
emerged as an important and influential factor in defining the SICM response at a
substrate, causing a phenomena known as surface induced rectification.?22% This
phenomenon has been used to map the surface charge at lipid membranes,* hair
folicles,”® polymer layers,>*?% and living cells.282! At low biases the ion-current
response 1s insensitive to the substrate charge and the response is instead dominated
by the system resistance, allowing accurate approach to the surface. High biases confer
ion-current sensitivity to the surface charge and therefore the potential upon reaching
the surface is either swept or pulsed to higher potentials, generating i-V or i-7
curves.208247.24925% The current during this period is then analysed to infer relative
surface charge measurements,?*” or FEM simulations are performed to calculate the
substrate charge underlying the response.?®

The underlying mechanisms of this technique are generally attributed to

formation of a perm-selective channel similar to the ICR described previously,
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however there is also a contribution from a very small depolarisation of surface
potential which causes a flux of counterions from the surface.?”® Due to the high
concentrations of counterions in the double layer of even a moderately charged
surface, this flux is large enough to detect in the ion current, these mechanisms are
discussed in Chapter 4 where they underpin the nanoscale electrochemical

characterisation of the bacterial cell envelope.

1.6.3 Functional Mapping of Complex Surfaces

As described above nanoscale in sifu functional mapping has been used in a wide range
of areas to elucidate the mechanisms underlying processes at heterogeneous surfaces.
Nanoscale surface heterogeneities cause a convoluted overall response of many real-
world interfaces, requiring nanoscale functional mapping to fully understand the
underlying mechanisms. The complex properties and processes at complex surfaces
such as electrodes, polycrystalline biomaterials, and living interfaces require special
considerations for nanoscale functional mapping, as shown herein. These interfaces
offer the opportunity to further develop the accuracy of SICM functional mapping and
to extend complexity of questions which the technique is able to explore. In doing so
we access important information about transport from nanopipettes, phenomena

occurring at complex surfaces, and properties of living cells.
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2 Surface Effects on Electroosmotic Flow-Delivery of
Neutral Molecules using Scanning Ion

Conductance Microscopy (SICM)

This chapter explores the ability of SICM for the controlled delivery of species to a
substrate. The substrate used is a carbon fiber (CF) UME which is used to quantify the
delivered hydroquinone (HQ) through oxidation. This allows the delivery conditions
and the effects of the substrate properties to be examined in relation to the quantity of
HQ delivered to the surface. FEM simulations are used to examine the underlying
interactions involved in determining this response and further understanding of
fundamental mechanisms underpinning SICM. The effects of substrate charge and
reactivity upon the EOF profile at the substrate-probe interface are described. The
effects of these mechanisms upon the flux of species from the nanopipette are
investigated and can be used to inform parameterisation of future delivery experiments
when delivering to complex active surfaces.

This chapter is in preparation to be submitted for publication. All experiments and
simulations were performed by the author with advice from Dr. David Perry, with
additional advice from Baoping Chen on experiments. The manuscript was written by

the author.
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2.1 Abstract

SICM is a powerful and versatile technique which allows for the probing of interfacial
properties and processes at a wide range of surfaces. The methodology discussed and
developed herein builds on previous work that demonstrated how SICM could be used
for the controlled delivery of charged species to an electroactive surface through the
application of a driving delivery potential of suitable polarity. This work provides a
comprehensive understanding of how, through tuning the SICM experimental design,
neutral species can also be held or delivered from the nanopipette and examines the
additional factors that must be considered in this case. Manipulation of the applied
SICM bias provides control over the electroosmotic flow (EOF) through the
nanopipette orifice which in turn allows neutral species to be delivered to surfaces in
a controlled manner. The turnover of the species at an electroactive surface provides
quantitative information on the rate of delivery from the nanopipette, whilst
simultaneous measurements of the tip ionic current allows detection of the surface
charge. By combining experimental results with finite element method (FEM)
simulations it is possible to examine the transport mechanisms underpinning SICM. It
is shown that EOF, and therefore species delivery, has a strong dependence upon the
charge of the substrate surface. This effect must be accounted for to quantify the

effects of the delivered species on the substrate.

2.2 Introduction

SICM has transitioned beyond its original use as a powerful non-contact topographical
imaging technique, becoming increasingly versatile in the wealth of information it can
provide about interfaces.!? SICM experiments utilize a nanopipette filled with
electrolyte solution to probe an interface which is immersed in an electrolyte bath.
Two quasi-reference counter electrodes (QRCEs) are used, one in the bulk electrolyte
and the other within the nanopipette. A bias between the two QRCE:s is applied to
generate an ionic current through the nanopipette orifice. As the nanopipette
approaches a surface, to distances on the scale of the orifice diameter, the ionic current
generally decreases due to the increased gap resistance.’> However, the ionic current is
also influenced by properties and processes which change the local conductivity at the
interface and variations in the SICM current can provide information on surface

charge, interfacial reactions, and other processes.>*3
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Localized delivery of molecules on the microscale and nanoscale using
iontophoresis has a long history in the fields of neurobiology and cellular signalling,
where it has become a powerful aspect of techniques for the elucidation of signalling
pathways.910 On the SICM instrumental platform, scanning regimes have been
developed which enable the synchronous mapping of substrate topography together
with the controlled delivery of species from the nanopipette tip.11-17 The efflux of the
delivered species is controlled via the bias between the two QRCEs with the resulting
flux defined by the Nernst-Planck equation (Section 2.6.1, Equation 2.1) (Figure 2.1a).
For charged molecules, ion migration is a significant factor controlling transport into,
or out of, the nanopipette. 151718

As we explore in this paper, the transport of neutral molecules can be
controlled by exploiting and modulating EOF, a phenomena that typically results from
the increased concentration of cations in the double layer at the negatively charged
walls of borosilicate and quartz nanopipettes in aqueous solutions (Figure 2.1b).188The
imbalance of mobile charges, causes a net flux towards the cathode as the cations
migrate, generating EOF and the consequent transport of neutral species in the

direction of the fluid flow.18

Slipping plane
Vtip'vsub Bulk electrolyte Diffuse Layer
Migration
QRCE.., v of cations * o . f
QRCE,, I €

©

e |HtH.H1.Ty.
mNanopipette

Glass Migration i)
of anions

mCarbon fiber

<A>
/

Figure 2.1 SICM delivery methodology, (a) Schematic of the experimental setup
used for simultaneous mapping of substrate topography and electrochemical activity
of neutral molecules delivered from the SICM nanopipette tip. (b) Diagram of the

mechanism driving EOF in an SICM nanopipette tip, anions (blue) migrate towards
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the anode (in this case QRCE2 in the tip), while cations (red) migrate towards the
cathode (QRCEI] in the bulk solution). There is a net flow of the solvent and neutral
species into the tip. (¢) An outline of changes in the z-position (red) and tip potential
(Vip, black) at each pixel in the scan hopping regime implemented experimentally
herein: (A) tip approaches the substrate with a potential applied to hold the neutral
molecules (to be delivered) within the tip (V;.1), (B) the potential is changed to expel
the neutral analyte from the tip (V .), (C) the potential returns to V), as the tip is
retracted from the surface into bulk solution, (D) the tip is held in bulk while the
system re-equilibrates, (E) the pulse (V,u.) 1s repeated in bulk solution (to self-
reference the current signal for comparison to that with the tip near the surface), (F)
the potential is returned to Vs and again re-equilibrated before subsequent translation

to the next pixel in the image, where the process is repeated.

A number of factors have been explored and manipulated to influence delivery
from nanopipettes, including the pipette wall charge,'® pressure,’® voltage,'>?°?! and
topographical effects.!* Quantification has largely focussed on measurements in the
microiontophoresis regime using fluorescence microscopy, biological response,
electrochemical response, development of analytical expressions, and numerical
simulations to assess delivery.!>-171-22 Delivery under the microiontophoresis regime
has been well characterised through a combination of experiments and simulation.202!
Babakinejad et al. provided one of the first quantitative considerations of the SICM
delivery regime, using the fluorescent response of a stimulated cell to quantify the
response to the delivery of capsaicin with respect to the delivery potential.’® A
combination of FEM simulations and spatial measurements with a carbon
nanoelectrode were used to define the distribution of species being delivered from the
nanopipette. The same group used FEM simulations to examine the effects of substrate
geometry upon delivered concentrations.™ Shi ef al. have also examined the effects of
nanopipette wall charge upon holding and delivery efficacy through fluorescence
measurements.!’® These methodologies allow mapping of cellular responses and

therefore receptor and pore distributions.
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Recent work has shown that SICM can be used to simultaneously map the
surface charge of a substrate while quantitatively delivering charged species from the
tip.!” Through FEM simulations it was observed that for the delivery of charged
species from an SICM nanopipette to an ultramicroelectrode (UME) substrate, surface
charge had a significant effect on the resulting nanopipette ionic current (/). Detailed
consideration of the effects of surface charge and reactions upon transport to the
surface is required for accurate determination of the local surface concentrations and
therefore local reactivity. Neutral species are delivered mainly through EOF which is
generated at charged surfaces, the surface charge is therefore intimately coupled to the
quantity transported to the surface, an effect is examined. Heterogeneous charge has
been reported at numerous interfaces, including those investigated through SICM
charge mapping methodologies such as mammalian cells® and electrode surfaces.!”
Quantitative analysis of the systems response to delivered species requires accurate
determination of the effects of surface charge upon SICM delivery methodologies.

Herein, we apply this platform to investigate the delivery of the neutral species
hydroquinone (HQ) to a carbon fiber (CF) UME. This type of system is of interest,
because the delivery of neutral species is strongly coupled to the surface charge of the
substrate through EOF, a process which is intimately related to the properties of the
nanopipette and electrolyte.* HQ delivery to the substrate was controlled by
manipulating the strength and direction of EOF by altering the applied nanopipette tip
bias, and the oxidation of HQ to benzoquinone (BQ) was driven at the CF UME. In
unbuffered solutions, around pH 7.4, HQ undergoes a two-electron, two-proton
oxidation which depends upon the local proton concentration.?> In this case, the
substrate was held at a high overpotential to account for the unbuffered solution, and
thereby allow contribution of the resultant proton fluxes to /;, to be assessed. I,;, and
the substrate current 7, (see Figure 2.1a) were recorded throughout and provided an
extensive dataset that was used to quantitatively examine the role of EOF in SICM

delivery.
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2.3 Materials and Methods

2.3.1 Solutions

All chemicals were purchased from Sigma Aldrich and used as received. For all
experiments 20 mM KCI (>99%) was used as the supporting electrolyte in both the
nanopipette and bulk solution, but the nanopipette also contained 20 mM HQ
(>99.5%). All solutions were prepared with Milli-Q reagent grade water (resistivity
ca. 18.2 MQ cm at 25 oC) and filtered through a 0.2 pm filter (Minisart, cellulose

acetate) prior to use.

2.3.2 Nanopipettes

Nanopipettes were pulled from borosilicate glass capillaries (0.d. 1.2 mm, i.d. 0.69
mm, Harvard Apparatus) to ca. 200 nm internal diameter at the tapered end, using a
laser puller (P-2000, Sutter Instruments). Pulling parameters used were as follows:
Line 1 Heat 330, Fil 3, Vel 30, Del 220, Pul -; Line 2: Heat 300, Fil 3, Vel 40, Del
180, Pul 120. A Zeiss Gemini 500 scanning electron microscope (SEM) equipped with
scanning transmission electron microscopy mode (STEM), was used to characterize
the nanopipette geometry for FEM simulations. A representative STEM image of a

nanopipette is shown in Figure 2.2.

200 nm

Figure 2.2 Scanning transmission electron microscopy (STEM) image of a
representative nanopipette. Tip diameter of approximately 180 nm.
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2.3.3 Quasi-Reference Counter Electrodes

Chloridized silver wires were used as QRCEs (Ag/AgCl, 20 mM KCl), one in the bulk
electrolyte (QRCEyx, Figure 1a) and a second placed inside the nanopipette (QRCEj,
Figure 1a). These electrodes are stable over long periods.?¢ QRCE,, was also used as
the QRCE for controlling the substrate (CF-UME) bias. All potentials quoted in this
paper are with respect to the potentials applied to QRCE .

2.3.4 CF-UME Fabrication and Bulk HQ Voltammetry

Carbon fiber (CF) UMEs were fabricated according to established procedures with
some modifications.!”?” Conductive silver paint (186-3600, RS PRO) was used to
connect a ~7 pm diameter CF (XAS grade, Goodfellow) to a thin copper wire, this
was inserted into the end of a pulled and sealed borosilicate glass capillary. A
moderate vacuum was applied to using a vacuum pump (GLD-136C, ULVAC), and a
seal between the glass and the CF formed by heating at approximately 85 °C. A larger
copper wire was then inserted into the capillary and solder used to make an electrical
contact to the thin copper wire. The UME surface was polished using a micropipette
polishing wheel with a diamond particles pad (diameter 0.1 um, Buehler), followed
by polishing by hand with an alumina slurry (diameter 0.05 pm) on a soft microfiber
polishing pad (Buehler), and finally a soft microfiber polishing pad with water to

produce the finished substrate surface.

2.3.5 Instrumentation

The nanopipette was mounted on a custom-designed holder and positioned above the
substrate electrode using a mechanical micropositioner (Newport, M-461-XYZ-M)
with the aid of a 3 MP digital camera (PixelLink, PL-B776U), equipped with a 6x
magnification lens. Coarse vertical movement of the nanopipette was achieved using
a picomotor (Newport, 8303 Picomotor Actuator), and precise movement with a 38-
um-range single-axis piezoelectric positioner (Physik Instruments, P-753.3CD).
Precise lateral movement of the substrate was achieved using a two-axis piezoelectric
positioner system (NanoB10S300, Mad City Labs Inc) with a range of 300 pm on each

axis. The system was installed on a vibration isolation platform (BM-8 Bench Top,
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Minus K Technology). Currents were measured using home-built current—voltage
converters. Instrumentation control and data collection were conducted using custom-
written LabVIEW (2017, National Instruments) code through an FPGA card (7852R,
National Instruments). Data were acquired at a rate of 516 ps per data point (4 s

sampling time and averaging of 129 sample points) for SICM mapping.

2.3.6 SICM Delivery and Sensing

The experimental setup has been discussed in previous work from our group and is
summarised in Figure 2.1a.#15172% Briefly, the QRCE in bulk solution (QRCEux,
Figure 2.1a) was biased at a potential of -V, with respect to the substrate (working)
electrode through a common ground and held constant throughout each experiment.
The substrate current (/,,,) was measured directly at the substrate. The ionic current
(1;,) was generated by a bias of V,;, applied at QRCEg;, with respect to0 QRCEjyx.

A hopping scan protocol was used in which the z-position and V,, were
controlled synchronously at each pixel with 7, and I,, measured continuously
throughout (Figure 2.1¢). (A) The nanopipette was translated towards the substrate
surface at a rate of 3 pm/s with QRCEy;, poised at a negative potential (Vi = -0.1, -
0.2, or -0.3 V), generating EOF into the nanopipette (Figure 2.1b), so as to restrict the
net diffusive flux of HQ from the tip, while also generating the ionic current used for
tip positioning and feedback control. Upon reaching the feedback threshold (either
1.25% or 2% decrease from the bulk value of I,;,) the nanopipette approach stopped,
resulting in a precise working distance based upon FEM simulations (vide infra). (B)
V.p was then pulsed for 150 ms to V.., which varied between the same value as V.,
and 0.4 V depending upon the experiment, causing the EOF to respond accordingly,
promoting an increased efflux of HQ when the V,;, became more positive. (C) The tip
potential was then stepped back to V,,;; and the nanopipette retracted from the surface
at 10 pum/s into the bulk (10 pm from the surface). A short pause (D) for 300 ms
allowed re-equilibration with the bulk conditions. In experiments for which the
normalized ionic current (normalized I,,) was measured, a second pulse identical to

the first was performed (E), along with another pause (F) before x-y translation and
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repeating the cycle at the next pixel. For experiments assessing holding potential
efficacy (Figure 2.5) no bulk pulse was performed.

Topographical data were acquired from the z-position corresponding to closest
approach of the nanopipette to the surface at each pixel. Throughout the entire
procedure, Vab was kept at a fixed value of 0.8 V to drive the transport-limited

oxidation of 20 mM HQ on a 7 pm CF electrode in 20 mM KCI (Figure 2.3).

Figure 2.3 HQ voltammetry on a CF UME. 1 mM HQ with 20 mM KCI supporting

electrolyte. The scan rate was 100 mV s-1

2.3.7 FEM Simulations

Finite element method (FEM) simulations were constructed in COMSOL
Multiphysics (v5.3a) as 2D axisymmetric domains, constructed using dimensions
from STEM images of the nanopipettes. A schematic of the FEM simulation domain
is shown in Figure 2.4. The electrostatics, transport of diluted species and laminar flow
modules were used to model the experimental system. All boundaries not specifically
labelled were set as no flux boundaries with no surface charges applied and a no-slip
flow condition was applied to all boundaries except for the symmetry axis, B1, and
B2. All potentials stated herein were applied to the upper boundary within the

nanopipette, labelled B1, positioned 1 mm above the base of the nanopipette.
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Figure 2.4 Schematic (not to scale) of FEM simulation domain with the main
boundaries labelled.

Electrochemical flux conditions relating to HQ oxidation were applied to B3
and surface charge was applied at this locale. In simulations which considered delivery
to the electrode, a sink boundary condition for the transport-limited oxidation of HQ
was applied at B3 ([HQ]kQ where kO = 100 cm/s), reasonable for the high
overpotentials applied. Integrating the flux across the electrode surface and
multiplication by number of electrons transferred in HQ oxidation (n = 2) gives Ish
B2 was held at ground in all simulations whilst pipette boundaries (blue) had a surface
charge density of -30 mC/m2 applied in all simulations, reasonable for borosilicate
glass in aqueous solution under the conditions of our experiments.6The concentrations
at B1 were set to [HQ] = 20 mM, [K+] = 20 mM, [CI] = 20 mM, representing bulk
solution in the nanopipette. At B2, [K+] = 20 mM, [CI] = 20 mM, [HQ] = 0 mM
conditions were maintained in all simulations, with the boundary positioned 1 mm
away from the nanopipette opening laterally, sufficient to be considered bulk.

The system of differential equations was as follows. The flux Jiof each species

i, was described by the Nernst-Planck equation:
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2.1)

and the Poisson equation defined the electric potential f :

(2.2)
where Diziand c are the diffusion coefficients, charge number and concentrations of
species i and u is the solution velocity described below (Equation 2.3). F, R and T are
the Faraday constant, gas constant and absolute temperature (298 K), sis the dielectric
constant of the solution (78) and s0(8.85 x 10-2F/m) is the vacuum permittivity. The
diffusion coefficients at infinite dilution for K+ (1.96 x 105cm2s), Cl- (2.05 x 105
cm2s) and H+ (9.31 x 105cm2s) were taken from the CRC handbook.DThese values
are reasonable because of the sufficiently dilute concentrations used and the self-
referencing nature of experiments.2 The diffusion coefficients for HQ and BQ were
taken from literature values to be 6.8 x 105cm2s and 6 x 105cm2s, respectively.
The solution velocity was described by the incompressible Navier-Stokes equation
with electroosmotic flow (EOF) incorporated, in which p is the solution density, p is

the solution viscosity, and p is pressure (Equation 2.3):
uVu =- (=Vp +*"V2u —F(Xi zici)"0) (2.3)

FEM simulation domains were constructed from geometries of nanopipettes
measured with scanning transmission electron microscopy (STEM) (Figure 2.2). First
the experimental working approach distance between the nanopipette and the surface
was estimated by steady-state simulations with the boundary at the top of the pipette
(Boundary B1, Figure 2.4) held at Vhad the distances were taken from the distance at
which the ionic current normalized to the bulk current reached the experimental
approach set point; 75 nm for 1.25% (all voltages) and 30 nm for 2% (-200 mV only).
Time dependent simulations of the 150 ms pulse were then performed by stepping the
voltage to Vdfl using the corresponding steady-state approach simulation as starting

conditions for the simulation.
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2.4 Results and Discussion

2.4.1 Preliminary Experiments

Delivery of BQ to Pt and CF UMEs was initially investigated, however this was not
found to be quantitative for two reasons. Steady state BQ reduction on a CF UME
occurs at approximately -0.5 V vs. Ag/AgCl, at this negative potential the oxygen
reduction reaction generates ionic fluxes which prevents reliable approach of the
nanopipette to the surface. Similar effects occur on Pt electrodes which are far more
electrochemically active than CF, thus creating ionic fluxes which make approach in
SICM difficult. At anodic potentials the solvent window on a CF UME is wider,
therefore allowing more reliable approach to the surface when using DC-SICM
feedback and allowing transport limited oxidation of HQ (Figure 2.3). These problems
could be diminished by using more complex feedback types such as DM-SICM as

shown in Chapter 3.

2.4.2 Efficacy of Hold Potentials

HQ was used in this study as a general model uncharged redox-active species, which
has been employed previously as an EOF marker.?! Oxidation of HQ occurs by a 2e,
2H* process in solutions with high proton availability (buffered or [H*] > [HQ]) and a
2e process when [H*] < [HQ].2>3!

We first consider the effect of V., on retaining HQ (20 mM) within the
nanopipette. To this effect, the CF UME was immersed in the KCI solution and a
constant bias of 0.8 V was applied, imposing a transport-limited regime as
demonstrated by the cyclic voltammogram of a CF UME in 20 mM HQ with 20 mM
KCI (Section 2.6.3, Figure 2.3). Initially, the efficacy of different holding potentials
was examined, with delivery experiments performed while V,;, was set to V), = -0.1,
-0.2, and -0.3 V and kept constant throughout (Figure 2.5). A feedback threshold of
1.25% and the resulting z-position at closest approach of the tip to the surface could
be used produce a topography map of the CF UME (Figure 2.5a). At each pixel the
nanopipette paused at the distance defined by the feedback threshold for 150 ms, and

V. blas continuously at V.4, while the substrate current was recorded throughout. The
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CF UME protrudes from the surrounding glass surface by a few hundred nm, due to
differential polishing of the CF compared to the surrounding borosilicate glass.

The Isbmap was obtained as the mean of substrate current over the final 10 ms
of the pulse to reduce the contribution of noise, thus allowing the clear presentation of
CF-UME reactivity maps. Increases in substrate current occur at pixels where the
nanopipette is clearly positioned above the CF. The Iabt transient (Figure 2.5c)
increases over the duration of the approach of the nanopipette towards the substrate
surface due to oxidation of HQ which is pulled from the nanopipette (akin to SECM

induced transfer)333to an extent depending on the value of Vidd

Figure 2.5 Holding potential efficacy for delivery of HQ. Series of simultaneously
obtained (a) topography and (b) Isbmaps of a 7 pm diameter CF-UME at Vabof 0.8
V for the oxidation of HQ and three different Viip Iabt (blue) and z-height (orange)
transients recorded during the measurement of six pixels across the center of the UME

are shown in (c).
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When Vhad= -0.1 V there is a maximum current increase of approximately 2
pA at each pixel, as Vhad is increased in magnitude to -0.2 V and -0.3 V, there is a
diminution in 1sb magnitude to ~0.7 pA and ~0.5 pA, respectively. It is clear from
these experiments that the efflux of HQ from the tip is reduced by the application of a
negative Vhadpotential, but is still just detectable. FEM simulations were employed to
provide deeper understanding of the underlying processes.

The approach distance was first estimated by performing steady-state
simulations with the nanopipette positioned at varying heights above the UME for
each Vhdd The approach distance was ~ 75 nm for all three cases at the feedback
threshold applied of 1.25% (Figure 2.6). It should be noted that for simplicity an
uncharged substrate surface was assumed, but we note that (extreme) charged surfaces
may affect the tip current.§73 The small feedback threshold was chosen to minimize

such effects 417
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Figure 2.6 Simulated approach curves of a nanopipette at hold biases. Simulated
approach curves for the three experimental cases of Vhod=-100 mV (blue), -200 mV
(orange), -300 mV (yellow), with 20 mM HQ in the tip and 20 mM KClI in tip and
bulk. These yielded approach distances of 75 nm for 1.25% approach threshold in all
cases, and 30 nm for 2% approach threshold for -200 mV.
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Figure 2.7 demonstrates the efficacy of the experimental Vhddin retaining HQ
within the nanopipette, while the nanopipette was positioned in bulk solution. It can
be seen that the rate of EOF into the tip orifice when Vhdd=-0.1 V is approximately 2
mm/s (Figure 2.7a(i)), resulting in [HQ] ca. 1000 at a location 500 nm up the tip,
in the range 10-100 ~M at the orifice, and ca. 1M in the surrounding solution (within
a 250 nm radial distance from the orifice) (Figure 2.7a(ii), -0.1 V). The concentrations
observed when Vhdd= -0.2 V are approximately 2 orders of magnitude lower and for
Vhad= -0.3 V approximately 3 orders of magnitude lower than those at -0.1 V (Figure
2.7a(ii)). This trend is a result of the fluid velocity into the tip increasing to around 3-
4 mm/s (Vid = -0.2 V) and 5-6 mm/s (Vidd= -0.3 V) across the nanopipette orifice
(Figure 2.7a(i)).

Figure 2.7 FEM simulations of hold biases. (a) In bulk (10 “m from substrate) and
(b) 75 nm from a UME substrate, with HQ released from the nanopipette oxidized at
a transport-limited rate at the UME (Vab= 0.8 V). For each of the hold biases, namely
Viip= -0.3 V, -0.2 V and -0.1 V, profiles of (i) the fluid velocity and (ii) [HQ] are
shown. Note that the scales for [HQ] are displayed logarithmically between 1 mM and

1pM.
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The simulated efflux of HQ from the nanopipette orifice as a function of Vhod
is shown in Figure 2.8a (distance from the end of the nanopipette to the substrate was
10 ~m), indicating a semi-logarithmic dependence of efflux rate on potential. Similar
effects are seen when the nanopipette is approached to an electrochemically active
surface (Figure 2.7b) or an electrochemically inert surface (Figure 2.8b), however the
flow development is inhibited in the center of the channel, allowing HQ flux to a

confined area.
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Figure 2.8 FEM simulations of hold biases in bulk and at an inert surface. (a)
Simulated efflux rates of HQ across the nanopipette orifice at different holding
potentials, presented terms of molecular flux (mol s-1m-2 and total rate of efflux (mol

s-1). (b) FEM simulations of the nanopipette under approached conditions (75 nm from
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substrate) to the substrate with boundary no flux of HQ. For each of the hold biases -
0.3,-0.2,-0.1 V, profiles of (i) the fluid velocity magnitude and (i1) HQ concentration
are shown. Note that the scales for [HQ] are displayed logarithmically between 1 mM
and 1 pM.

The flow profiles under these conditions (Figure 2.9) deviate from the typical
plug-like flow profiles expected for EOF in a straight channel where xr ~ 44 (where
x 1s the Debye—Hiickel parameter; 2.14 nm™ for 20 mM monovalent electrolyte, and
r is the pore radius of 93.5 nm).3537 This is a consequence of the conical geometry of
the nanopipette; when EOF is directed into the nanopipette, the increased cross-
sectional area causes a decrease in fluid velocity. EOF near the wall is driven by the
mobile charge in the diffuse layer and the electric field parallel to the wall,'® which
also becomes less intense with distance into the nanopipette, but with a different
functional dependence on distance along the nanopipette axis to that of the fluid
velocity, due to the ion accumulation profile within the tip of the pipette.’¥* Similar
effects occur with flow driven out of the nanopipette (positive tip bias), where the
increasing constriction as the flow approaches the nanopipette orifice causes increased
back pressure, with ion depletion at the nanopipette end affecting the local ionic
strength and electric field (vide infra). These mechanisms are especially effective
when the tip is close to the surface, enhancing the constriction effects upon flow
(Figure 2.7b).

1., was calculated from the FEM simulations by setting a sink boundary
condition for the transport-limited oxidation of HQ and integrating the flux across the
electrode surface, multiplied by number of electrons transferred in HQ oxidation (see
Section 2.6.1). For Vi, = -0.1V, the calculated (2.25 pA) and experimental (= 2 pA)
L., values were in agreement. However, at higher V.4, I, was underestimated in the
simulations to surfaces with neutral charge, predicting values an order of magnitude
lower than those observed experimentally (e.g. when V,,,;, = -0.2 V, I, = 700 fA,
simulated I, = 60 fA). This indicates that the simple model (particularly the
assumption of an uncharged surface) does not fully account for all experimental

factors; further simulations were required to account for this (vide infra).
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Figure 2.9 Simulated flow profiles at hold potentials. Simulated flow profiles across
the radius (50 nm from pipette orifice) of a nanopipette in bulk solution (10"m from
a surface) with 20 mM KCI bulk electrolyte during delivery of HQ. Three Viadare

applied corresponding to experimental conditions.

Flow velocity magnitudes at the tip orifice are similar when the nanopipette is
in bulk solution and close to a substrate surface (Figure 2.7). This is similar to the
ionic current in typical SICM practice, whereby a small decrease (1 - 2%) between
the ionic current in bulk and near-surface is usually set for imaging.34L2 Evidently, at
such distances, the flow is also only slightly affected. HQ concentrations at the end of
the nanopipette are also similar when the nanopipette is in bulk and near an active
surface, highlighting the efficiency with which HQ can be retained in the nanopipette
(Figure 2.7). Based on these results, subsequent measurements in this work used Vhad
= -0.2 V. This was a compromise between an applied potential where [HQ] could be
retained in the nanopipette, with only small leakage, but the holding potential was not
so large in magnitude that surface charge effects would be more prominent in the

nanopipette response 5734
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To explain differences in I, between the simple model outlined and
experiments (vide supra), FEM simulations were performed with varying substrate
charges with V,;,; = 0.2 V and the tip-substrate separation set to be 75 nm (Figure
2.10). Even at this relatively large distance from the surface, it is evident from Figure
2.10a that flow velocity into the tip is increased when above surfaces with a moderate
negative charge (-20 mC/m?) (Figure 4a(i)) and decreased at positively charged
surfaces (+20 mC/m?) (Figure 2.10a(i1)). At negatively charged surfaces, the increased
flow in the channel formed between the nanopipette wall and the surface results in a
more developed flow profile across the pipette diameter and therefore a reduced
substrate current; ~60% of I, at a neutral surface (Figure 2.10c). Conversely, a
positively charged surface restricts flow in this channel due to the direction of net ionic
flux being reversed within the double layer of the substrate in comparison to that
generated by the negative charged walls of the nanopipette, resulting in diminished
flow across the center of the pipette and increasing I, by ~65% compared to a neutral
surface (Figure 2.10c). This phenomenon not only affects the concentration of species
delivered directly to an electrochemically active surface, which consumes the
delivered species, but also the amount that diffuses into bulk when the nanopipette is
at an inert surface (Figure 2.10b). The concentrations in proximity to the delivery area
in Figure 2.10b indicate that the holding bias is more effective at negatively charged

surfaces than positive ones.
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Substrate Charge /mC/m

Figure 2.10 Steady-state simulations of hold biases at approached distances. (a)
Flow velocity and (b) HQ concentration profiles when Vidd= -0.2 V, at the interface
of a nanopipette 75 nm from the surface of an electrochemically inactive substrate (no
flux boundary condition). Different charges are applied to the in a moderate charge
range; (i) -20 and (ii) +20 mC/m2 (b) Substrate currents (1ab) from simulations at a

surface with variable charge, which oxidizes HQ at a transport limited rate.
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2.4.3 Delivery with Vi

We now consider imaging experiments in which the tip potential was pulsed to V§‘w
for 150 ms upon reaching the approach threshold (Figure 2.1c). Representative results
are shown in Figure 2.11 for Vg*w= 0.4 V for the substrate topography, tip current and
substrate current, with Vgflix= 0.2 V and 0.05 V shown in Figure 2.12. Under these
conditions (transport-limited oxidation) it has been shown by Chen et at.1lthat for ions
delivered mainly through migration, Iabis independent of surface charge, while ltipis
dominated by surface charge effects, allowing simultaneous reactivity and surface
charge mapping from these 2 quantities that are recorded synchronously. In contrast,

control of neutral species delivery is dependent entirely on the generation of EOF.

Figure 2.11 Functional mapping of HQ oxidation on a 7 pm CF-UME. Functional
mapping of HQ oxidation on a 7 pm diameter CF-UME when Vdfiux= 0.4 V for 150
ms. The (a) topography is obtained simultaneously with currents recorded

continuously to provide Isband Itip (b) presented at selected pixels (black bordered on
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topography) during and after the delivery pulse, with one pixel at the CF-UME
(yellow) and over glass (blue). This allows mapping of substrate current at selected
times, for example; (c) during the delivery pulse (10 ms), (d) at the end of the pulse
(150 ms), and (e) 10 ms after the pulse (160 ms), alongside (f) normalized Itip (at 150

ms).

Figure 2.12 Simultaneously obtained maps of SICM HQ delivery. HQ oxidation
at a7 pm diameter CF-UME when (a) Vglk= 0.2 V and (b) Vgfix= 0.05 V, giving the
(i) topography, (ii) 13k and (iii) normalized Itp
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Figure 2.11b to Figure 2.11d show an appreciable substrate current when the
efflux pulse is performed over both the CF-UME and the glass (by comparison to the
topography maps of the UME substrate in Figure 2.11a). The current is highest when
the nanopipette is over the UME and then monotonically decreases in magnitude as
the nanopipette moves away laterally from the active part of the UME over the glass,
indicating significant diffusional broadening in the delivery of HQ from the
nanopipette to the UME, which acts as a strong sink. Figure 2.11b clearly shows the
difference in slope and magnitude of I, during the efflux pulse at the CF and glass,
the slower response time indicating the time taken for transport of HQ from the
delivery site to electrochemically active sites. When the nanopipette is over the UME,
some heterogeneities are evident in the maps of I, This can be attributed to
heterogeneities in the local delivery process (induced, for example by variations in
surface charge), rather than the local activity of the part of the electrode under the tip,
because if the nanopipette were over a relatively inactive part of the surface, for
example, HQ could easily diffuse to a nearby active site.

The density of information provided by this method is demonstrated by further
analysis of I, (Figure 2.13 and Figure 2.14), as properties of I, response such as rate
of current increase at a given time, half-rise time, and fall time can provide insight into
the transport and kinetic properties. The differences in transport mechanisms are also
apparent from the difference between the relatively homogeneous initial response over
the UME at 10 ms (Figure 2.11c, Figure 2.13b, Figure 2.14b) and the lower relative
L, near the edge of the UME in comparison to the center at 150 ms (Figure 2.11d,
Figure 2.13c, Figure 2.14c¢). Furthermore, the initial rate of current increase at 2 ms
(Figure 2.13g, Figure 2.14g) exhibits only minor heterogeneity over the
electrochemically active areas suggesting that, at this resolution, the electrochemical
response of the substrate to HQ is relatively homogeneous at a time when the delivery

is localised as wider transport effects are not yet significant.
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Figure 2.13 Analysis of substrate currents during HQ delivery when Vdfix= 0.2
V. Simultaneously obtained maps of SICM HQ delivery and oxidation at a 7 pm

diameter CF-UME when Vgflik= 0.2 V, giving the (a) topography, Iabat (b) 10 ms, (c)
150 ms (end of efflux pulse), (d) 155 ms (5 ms after the efflux pulse), (e) 160 ms, and
(f) 170 ms. Alongside (g) the rate of Isbincrease at 2 ms, (h) half-rise time, and (i) fall
time (to 90% of the maximum current). The fall time is extremely sensitive to small
changes in sl causing a discrepancy first few lines of the scan due to pA scale drift

as the UME current is settling.
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Figure 2.14 Analysis of substrate currents during HQ delivery when Vefflux =
0.4 V. Simultaneously obtained maps of SICM HQ delivery and oxidation ata 7 *m

diameter CF-UME when Vgjlx= 0.4 V, giving the (a) topography, Iabat (b) 10 ms, (c)
150 ms (end of efflux pulse), (d) 155 ms (5 ms after the efflux pulse), (e) 160 ms, and
() 170 ms. Alongside (g) the rate of Isbincrease at 2 ms, (h) half-rise time, and (i) fall

time (to 90% of the maximum current).

The half-rise time (Figure 2.13h, Figure 2.14h) is small and relatively
homogeneous over the electrochemically active area (9 ms and 7 ms, though further
discrimination could be achieved through higher sampling rates), however this can
increase to 100 ms at 5*m from the CF edge due to the time taken for HQ transport to

electrochemically active sites. The half-rise time above the glass is also far more
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heterogeneous, indicating that the quantity of HQ delivered to the surface depends
upon local surface properties other than electrochemical activity.

Diffusional broadening is evident from Figure 2.11e, where [, 1s higher 10 ms
after the end of the efflux pulse over the adjacent glass than over the UME, and is
clearly demonstrated by wider area scans in Figure 2.13 and Figure 2.14. This can be
quantified as the fall time which shows that /I, persists for longer periods when HQ
is delivered to the glass, however there is a marked difference between the fall time of
Veme= 0.2 V and 0.4 V, with clear edge effects when smaller quantities of HQ are
delivered (V.= 0.2 V, Figure 2.131) which are not apparent at higher Vg, (V=
0.4 V, Figure 2.14) where the response will be broadened over a greater area. The
decrease in fall time at the edge can be attributed to a greater electrochemical area as
the CF is not perfectly coplanar with the glass, thereby providing a larger
electrochemically active area for oxidation of HQ. However, normalised /,;, in higher
resolution scans indicate some difference in surface properties at these areas; Figure
2.11f shows areas of higher I,;, response near the edge of the CF and in the center,
which are more visible in Figure 2.12 where lower V., pulses are presented. It should
be noted that for these experiments a 2% approach threshold was used for nanopipette
positioning, which would bring the nanopipette closer to the surface (30 nm calculated
by FEM simulation (Figure 2.15)) where surface charge effects are known to be
significant.>734

Differences between scans at the same delivery potential are likely due to the
effects of pipette geometry upon approach and delivery.® Overall the extensive
information contained within these data demonstrate that delivery parameters can be
tuned to access different information about the system, revealing that I, and I,
exhibit significant spatial heterogeneity which is not only dependent upon the
electrochemical activity of the substrate. Possible explanations for these
heterogeneities are differing electrochemical surface activity, surface charge effects
due to the structure of the CF, and proton generation as part of the HQ oxidation
process. To fully understand the underlying processes, and evaluate the contributions

from these respective factors, FEM simulations are necessary.
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Simulations were performed with V3, =0.05V, 0.2 V, and 0.4 V and the tip-
substrate separation either 75 nm (1.25% approach threshold, as used in Figure 2.13,
Ve = 0.05 V) or 30 nm (2% threshold, as used in the experiment for Figure 2.11). At
75 nm both 7,;, and I, were insensitive to proton flux and only /,;, had sensitivity to
surface charge (Table 2.1), indicating that at a sufficient distance delivery was
independent of surface charge. At a tip-substrate separation of 30 nm, proton
generation does not contribute significantly to the ionic currents, shown by the
similarity in /,;, between the simulated cases of delivery to an electrochemically active
and electrochemically inert surfaces (Table 2.1). Figure 2.15a(i) indicates that the
small effect of proton generation on [, is likely due to the low concentrations
generated; approximately 0.5 mM in comparison to the 20 mM background electrolyte
plus effects from charged substrate surfaces.

Figure 2.15b and Figure 2.15¢ demonstrate the effect of varied substrate
surface charge on I,;,. A marked decrease in I, at positive surface charges and an
increase at negative surface charges is predicted. The underlying cause of this is
demonstrated by the EOF velocity profiles in Figure 2.15a. The flow velocity
magnitude (Figure 2.15a(ii1)) shows surface charge effects similar to those influencing
the hold potential efficacy (Figure 2.10), however the comparatively high V4, and
closer approach distance leads to a more pronounced effect. To understand the details
of delivery to a charged surface we must also consider Figure 2.15d; the flow profile
within the pipette, in which the z-component of the flow is plotted for the pipette radius
from 50 nm above the pipette orifice. These plots show that the flow out of the pipette
(efflux flow) at the negative (blue) and neutral (grey) surfaces is developed across the
entire channel, though the efflux flow at the neutral surface dissipates to less than 1
mm/s towards the center of the channel. This is as a result of flow effects explored
previously (vide supra) with additional back pressure due to the gap resistance, the
stagnant zone caused by redirection of the vertical flow laterally at the surface, and
no-slip condition on the surface (Figure 2.15a(ii1)). In the case of the negative surface
this is counteracted by additional efflux flow generation by the negatively charged

substrate.
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Table 2.1 Simulated delivery currents under different conditions. Simulated
currents for the delivery of HQ to a 7 pm diameter CF-UME ([, and I,;,) or an
electrochemically inert surface (1, (inert)). These currents demonstrate that at 75 nm
delivery of neutral species can be achieved with relative independence from substrate
charge effects, while at 30 nm, the quantity of neutral species delivered is highly
dependent upon the charge of the substrate. Simulations of substrate currents at an
electrochemically active surface in the absence of proton generation were identical to

those including proton generation.

Tip-Substrate 10

75 nm 30 nm
Separation pm
Surface Charge /
mC/m? -20 0 20 -20 0 20 0
Vet = 50 mV
Lab / PA 25 24 24 35 27 26 5
L, | pPA 214 | -214 | -215 [-209 |-210 |-210 |[-217
1, | pA (inert) 215 | -215 [ -215 [-209 |-210 |-211 |[-217
Ve = 200 mV
Lab / PA 91 92 92 90 91 73 19
L, | pPA -834 | -834 |[-835 [-808 |-807 |-813 |[-846
1, | pA (inert) -833 [ -833 |[-833 [-804 |-811 |-816 |[-846
Ve = 400 mV
Lab / PA 210 209 207 202 204 142 45
L, | pPA -1621 | -1623 | -1628 [ -1554 | -1553 | -1558 | -1653
1, | pA (inert) -1619 | -1622 | -1626 | -1534 | -1551 | -1583 | -1653
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Figure 2.15 FEM simulations of HQ delivery to a 7 “m CF-UME 30 nm from the
pipette orifice. Simulations where Vdflix = 0.4 V, at surfaces of charges (red) +20

mC/m2, (grey) 0 mC/m2 (blue) -20 mC/m2, were used to generate profiles (a) of (i)
proton concentration, (ii) HQ concentration (displayed as logiQ[HQ])), (iii) flow
velocity magnitude. Simulated Iabresponse when (a) Vdflux= 0.4 V and (b) Véflux= 0.2
V for delivery to a substrate with different surface charges (same color key as (a)). (d)
The vertical (z-axis) component of the simulated flow velocity across the nanopipette
radius (from 0 to 98.5 nm, starting at the nanopipette wall) 50 nm above the pipette
opening for Vé'w= 0.4 V (solid) and Vdflix= 0.2 V (dashed), surface charge colors the

same key as (a).
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The case for a positively charged surface is more complex; the flow velocity
appears to dissipate more quickly but increases again in the center of the channel. The
flow generated in proximity to a positively charged surface (red) acts in two distinct
ways; efflux flow is still generated at the pipette wall, however, at the center of the
pipette the flow has been completely reversed, at increasing intensity with higher
applied potentials (Figure 2.15d). The flow originates at the substrate surface (Figure
2.16) where the anions forming the substrate double layer migrate into the pipette with
sufficient flux to generate ~2 mm/s EOF into the pipette. This can also be seen as the
flow magnitude extending from the substrate beneath the glass towards the center of

the channel and then upwards (Figure 2.15c(iii)).

Figure 2.16 Phase portraits of flow during HQ delivery. Simulated flow profiles
for HQ delivery from a nanopipette at Vgjiw= 0.4 V, nanopipette is placed 30 nm from
negatively charged (-20 mC/m2 left) and positively charged (+20 mC/m2 right)
surfaces. Flow arrows are on a logiOscale with each of the two separate simulations
having a different scaling factor applied to allow visualization, arrows are colored by

flow velocity which is the same in both sides of the plot.

The surface induced flow inversion described has not been previously
demonstrated, however it was suggested by Clarke et al. that flow separation could
occur in negatively charged borosilicate capillaries at sufficiently positively charged
surfaces.24The described flow inversion effect is similar to flow profiles generated by

nanopore diodes with heterogeneous charge,4and similar effects have been observed
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within conical nanopores with »r = 1.7,% though the underlying causes were not
thoroughly explored. There has also been recent interest in similar phenomena caused
by large gradients in ionic conductivity.*

This surface charge dependence for neutral species delivery will have large
effects when delivering to biological samples such as living cells, which can have
highly localized and heterogeneous surface charge distributions.® Transport into the
tip has also previously been suggested to affect long term stability of nanopipette
currents when a hold potential is applied, an effect which would be compounded by
this transport into the pipette at the surface even when delivering species.?! However,
we observe stable currents over multiple scans by allowing equilibration of the

nanopipette in bulk conditions between pixels.

2.5 Conclusions

Building upon previous work, we show that careful control of the applied potentials
in SICM, can be used to deliver neutral species and simultaneously acquire
information on the charge of the surface. However, this study indicates that delivery
of neutral species requires careful consideration of approach and delivery parameters.
Approaching the surface closely allows simultaneous acquisition of surface charge
data but delivered concentrations also depend on the surface charge, whereas at greater
tip-substrate distances consistent, but less localized, delivery can be achieved. The
effects of surface charge on EOF have a significant impact on the delivery of neutral
species using SICM and must be controlled, or evaluated with detailed simulations,
for truly quantitative delivery. FEM models have been used to elucidate the complex
interplay of surface processes and their contributions to detected currents. The
complex flow profile induced by proximity to charged surfaces is previously
unreported in SICM and is likely present in many pulsed-SICM measurements. This
work adds to the growing understanding of factors at work in the increasingly diverse
range of SICM methodologies, for which comprehensive models are required to allow

quantification.
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3 Scanning Ion Conductance Microscopy Potential
Controlled Acid Delivery: A Tool to Assess Dental

Corrosion

This chapter continues the development of delivery methodologies in SICM by
combining this with the ability to simultaneously track and quantify surface etching in
real time. This is applied to an enamel substrate, a complex biological matrix mainly
comprised of crystalline hydroxyapatite. Controlled delivery of protons by controlling
the applied potential induces surface etching which is tracked through DM-SICM and
quantified. FEM simulations are used to examine the accuracy of this method and the
mechanisms underpinning surface tracking under situations which are actively
generating ionic fluxes. DM-SICM is shown to be robust to the ionic fluxes from the
surface, allowing quantitative assessment of surface treatments by determining the
effect upon the effective heterogeneous rate constant through FEM.

This chapter is in preparation to be submitted for publication. The experiments
presented herein were performed by Bryn Jones. Simulations and data analysis were
performed by the author and the manuscript was prepared by the author in

collaboration with Bryn Jones.
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3.1 Abstract

Scanning ion conductance microscopy (SICM) is a non-contact scanning probe
microscopy that is increasingly being used for functional mapping of surfaces. We
exploit established delivery methodologies for the controlled delivery of acid from the
SICM nanopipette to an enamel substrate to induce dissolution. Combining this
methodology with distance modulated procedures we are able to monitor and measure
the controlled dissolution of the substrate in real time. Coupled with finite element
method (FEM) simulations we quantify delivered proton concentrations to access the
heterogeneous rate constant of the reaction. Quantitative analysis of dissolution rates
through FEM allows direct comparison of the effects of protective and weakening
surface treatments. This work presents SICM as a powerful technique for assessing
erosion rates and as a versatile screening system for protective and harmful materials
in relation to enamel acid dissolution. We directly demonstrate the ability of the
technique to obtain robust statistics regarding the susceptibility of a surface to acid
attack and present a new method of quantifying erosive damage from extremely mild
acidic challenges whilst returning robust nanoscale measurements. We expand the
technique further by including analysis of a salivary pellicle and present the
opportunity that arises for combined topographical mapping and potentiometric acid
delivery with the same nanopipette. This work contributes to the emergence of SICM
as a tool for direct surface dissolution measurements and gives emphasis to the use of

SICM for further understanding the dissolution kinetics of early stage dental erosion.

3.2 Introduction

Dental erosion is a wide spread and prolific cause of tooth loss throughout the globe.
Defined as the irreversible loss of dental hard tissues without the action of
microorganisms,! it indiscriminately affects all social demographics and age groups,?-
4 often becoming a problem in otherwise healthy individuals through dietary acid
exposure.® Understanding acid induced enamel dissolution is therefore instrumental to
engineering methods to prohibit it.¢ Techniques that can probe and quantify acid
erosion are of considerable value to the field of dental science’® and have applications
in metal corrosion,'®!! analysis of coatings and paints,!? the earth sciences,!

pharmaceuticals* and chemistry.1
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SICM is a non-contact imaging technique in the Scanning Probe Microscopy
(SPM) family which uses a glass or quartz nanopipette to obtain topographical
information about a surface.!*'® This is achieved through applying a potential bias
between a quasi-reference counter electrode (QRCE) inside the nanopipette and a
second positioned in the bulk solution that bathes the substrate. This generates an ionic
current which can be used to position the probe near a surface of interest either
directly,' or through using AC feedback techniques for enhanced stability to changes
in the ionic current.??! The resolution is limited by the nanopipette aperture size with
the smallest recorded resolution estimated at 6 nm using a pipette aperture of 10 nm.??
Quantitative electrochemical information about the local ion concentration in the
vicinity of the probe opening can be attained through careful selection of the voltage
applied and analysis of the generated current.? Surface charge mapping**?® and
controlled delivery of electroactive species? have demonstrated that careful design of
SICM experiments can further expand the scope of this versatile imaging
technique. 830

Herein we position SICM as a tool for quantifying nanoscale corrosive damage
through using the SICM bias to deliver protons from a reservoir in the probe to the
enamel surface, whilst employing distance (z position) modulated feedback to track
the induced surface dissolution, providing in sifu etch pit depth measurements. By
controlling the bias of the nanopipette relative to bulk, protons within the probe can
either be retained or expelled into the local environment depending on the polarity and
magnitude of the bias. In this work it is demonstrated that employing SICM for
potential controlled acid delivery with surface tracking in close proximity to a surface,
it is possible to induce and track localised surface erosion in the footprint of the probe.
The capability of SICM to provide information on the susceptibility of a surface to
acid attack is evaluated together with further investigation into whether applied
surface treatments can be quantifiably assessed at the nanoscale. Through FEM
simulation, quantified dissolution kinetics can be calculated from the pit formation
rates. This information is of particular significance in the field of dental science where
greater understanding of the dissolution kinetics may lead to preventative treatments
for acid erosion.

Enamel is a complex biomineral matrix comprised primarily of HAP crystals

and forming the outer protective layer of teeth.3'3? [t resists the physical and erosive
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wear associated with mastication due to its extreme hardness and durability offered in
part by its complex microstructure.® This consists of tightly packed and organised
hydroxyapatite (HAP) nanocrystals, approximately 70 nm in size, arranged into 4-8
um wide hexagonal rods that run deep into the tooth, perpendicular to the dentine-
enamel junction.?* These function as supporting bars within the structure and enhance
the tensile properties of the material. Once formed, enamel can only regenerate
through remineralisation pathways in the oral cavity which are pH dependant,3® slow3¢
and often insufficient at countering erosive processes.>” Subsequently this can make
enamel loss through chemical erosion permanent.®® The proton induced dissolution of
HAP can be approximated by Equation 3.1.3°

Cay0(P04)6(OH) 3y + 8HYyy = 10Caly + 6HPO; ) + 2H,0 (3.1)
As enamel is 90% HAP by weight this is the primary process of acid induced
dissolution.* Protons react with HAP and produce free calcium ions, solvated
phosphates and water.

The principal electrochemical methods to study dissolution of enamel involve
the use of rotating disc electrodes (RDEs) to employ a regime of well defined mass
transport.*=% Although these methods allow the surface kinetics to be investigated
they are restricted to bulk measurements, making the study of transient surface
treatments difficult. These techniques measure the average response of the surface,
obscuring the activity of individual sites, while they allow the overall rate constants to
be determined it is not possible to accurately assess the underlying mechanisms. This
is especially important considering the heterogeneous nature of complex biomaterials
such as enamel, with some areas primarily comprised of HAP and others mainly
consisting of proteins. Nanoscale measurements are possible through multiple SEM
images of a treated area, however the mass transport is often ill defined and the
experiments require the enamel to be exposed to solutions for a long period of time
and limited options exist for directly monitoring topography changes.*4

Previous studies which have employed SPMs for dissolution measurements
have relied on using subsequent different techniques to first induce surface
dissolution, either with scanning electrochemical microscopy (SECM)* or scanning
electrochemical cell microscopy (SECCM), and then measuring the resulting etch pit
formation. The SECM method used a Pt ultramicroelectrode for the localised

production of protons, followed by interferometry for measuring etch pit formation,
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while SECCM was used to deliver a defined quantity of acidic media which formed
an etch pit that was measured with AFM. Both methods use FEM simulations to
extract the effective heterogeneous rate constant, however they are unable to do so in
real-time and dissolution continues to occur between proton delivery and
measurement of the etch pit dimensions.

The approach used herein allows nanoscale measurements of surface processes
as they happen, inducing the enamel dissolution and providing a simultaneous
topographic assessment consecutively with SICM. As the technique requires
electrolyte, but is not limited to identical bulk and probe solutions,” different
conditions could be used, e.g. simulated sea water as bulk solution for metal corrosion
experiments. The feedback methodology used herein allows for etching rates to be
calculated as experiments progress and keeps experimental times short. 36 etch pits
are produced on a surface in tens of minutes and good statistics are obtained. 30 nm
probes were used allowing for nanoscale precision and analysis of features on the 100
nm scale. This could allow for the identification of highly resolved surface
heterogeneities.

A common method of protecting enamel from acid dissolution is fluoridation.
The exposure to fluoride results in a layer of fluoridated HAP being formed, which
has a higher acid resistance than sound enamel due to the relative difficulty of
removing the surface bound fluoride by protonation, in comparison to OH groups.*#
The human mouth has natural defence mechanisms against acid erosion. The salivary
pellicle, a thin film of glycoproteins present on all oral cavity surfaces has a well-
documented role in enamel protection although there is still much to learn about the
mechanism behind the protection offered.*->* Using SICM, as described above, to acid
challenge samples that have either been treated with fluoride or which have a pellicle
layer, allow the protective benefits to be quantified and assessed through the study of
the etch pits generated using SICM, comparing treated and untreated regions.

Finally, the effect of a corrosive wash, simulating an acidic challenge by
exposing sound and fluoride treated enamel to a citric acid rinse is considered. Citric
acid, a known dietary acid contributor to dental erosion, weakens the HAP lattice by
inducing mild dissolution through the pathway outlined in Equation 3.1 but also
through calcium stripping via citrate ligand chelation.*>57 A deliberately mild

challenge of 1% citric acid for 30 seconds was chosen to demonstrate the ability to
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quantitatively detect early stage dental erosion.*> The detection of statistical
differences with low level exposures to these treatments is a step forward in dental
erosion analysis, measuring nanoscale surface damage that was previously
undetectable without SICM surface tracking and proton delivery.

These examples serve to highlight the wide applicability of SICM for addressing
key questions in the field of dental science, and should serve as a powerful technique
for benchmarking the protective benefits of novel treatments. More generally the work
demonstrates the versatility of SICM as a multi-faceted tool for probing biological

systems beyond topography.

3.3 Materials and Methods

3.3.1 Solutions

Milli-Q reagent grade water (resistivity ca. 18.2 M£2 cm at 25 °C) was used in the
preparation of all solutions. 50 mM potassium chloride (Sigma-Aldrich) was used as
bulk electrolyte for all SICM experiments. The acid etching solution in the nanopipette
was 20 mM hydrochloric acid (Sigma-Aldrich) with 50 mM potassium chloride
supporting electrolyte. HCI was used as a biologically relevant monoprotic acid which
also enabled the modelling procedure described below to be simplified. The citric acid
solution (1% w/w, Fischer scientific, pH 3.6) The fluoride treatment solution was 1450

ppm sodium fluoride (Fischer scientific).

3.3.2 Substrates

Bovine enamel blocks (4x4 mm, ~1.5 mm thickness, Intertek, Wirral, UK) were hand
polished with diamond polish sprays (Kemet Itd) and polishing pads (Buehler),
working down through the following grain sizes: 3 pm, 1 pm, 0.5 pm, 0.25 pm and
0.1 pum. A 50 nm diamond lapping compound (Buelher) for use with silk polishing
pads (Struers) was used for the final polish. Samples were thoroughly rinsed between
grain sizes and sonicated for 2 minutes (Decon F5200b) after the final polish. Samples
were mounted onto glass petri dishes (4 cm diameter, WilcoWells) using a small

amount of nail polish which was allowed to set for 1 hour.
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3.3.3 Fluoride and citric acid treatments

Figure 3.1 gives the full details of the multistep process used for the fluoride and citric
acid study. In summary, a section of the enamel block is masked off to protect it from
a fluoride treatment. The fluoride and non-fluoride sections are then analysed using
SICM. A citric acid treatment is then administered, and the sample sections reanalysed
in a different area to that previously measured, giving an insight into the protection

benefit offered by fluoride against a citric acid exposure.

Figure 3.1 Procedure for experimental surface treatments. Experimental treatment
process. i. Polished enamel block is half masked with Kapton tape. ii. The Unmasked
enamel is then treated with 1450 ppm sodium fluoride solution for 30 minutes at 37
°C. iii. Mask is removed, sample thoroughly rinsed and SICM etch pit analysis
undertaken on both sides of sample. iv. The electrolyte is then removed and the entire
sample is exposed to a 1% citric acid solution for 30 s. v. The sample is then
thoroughly rinsed and the electrolyte replaced. vi. SICM etch pit analysis is then
repeated for the fluoride treated citric acid exposed enamel and citric acid exposed
enamel, taking care that this second SICM analysis is performed far away from the

initial region studied.

3.3.4 Kapton tape control
A control study was run to ensure the Kapton tape was not adversely affecting the

results by leaving any residue. The sample was prepared identically to those used in
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a-c of the multistep process in Figure 3.1, except 37 °C deionized water was used in
place of the 30-minute sodium fluoride exposure. The taped and un-taped sides of the
sample were then compared and were not found to be significantly different (Section

3.7.1).

3.3.5 Pellicle layer deposition

To establish a pellicle layer, the sample was incubated in 5 ml of whole clarified saliva
for 30 minutes at 37°C. The saliva was collected from volunteers at Unilever Port
Sunlight research facility and sterilised on site. Studies have shown this is long enough
for salivary proteins to adhere to an enamel surface and create a film that acts as a
natural protective barrier.® After incubation the sample was thoroughly rinsed and

reanalysed.

3.3.6 Statistical analysis

Statistical analysis was performed in RStudio 1.2.1335, R version 3.4.2. All datasets
were tested for normality using the Shapiro-Wilk test, yielding significant values (p <
0.05) for several datasets, therefore non-parametric statistical tests are used throughout
analysis. Individual experiments are summarized using the median as a measure of
central tendency and the first and third quartiles (Q1 and Q3, respectively) as measures
of spread, allowing comparison of skew between each group. The mean of medians is
used with the standard error of the mean to covey sample variability. Wilcoxon rank-
sum tests were used for comparisons between two groups and Kruskal-Wallis tests for
multiple groups, the Bonferroni correction is also applied wherever multiple

comparisons are employed.

3.3.7 SICM methodology

30 nm diameter SICM nanopipettes were pulled from quartz capillaries (o.d. 1 mm,
1.d. 0.5 mm, Sutter Instruments, QF100-50-10) using a laser puller (P-2000, Sutter
Instruments; pulling parameters: Line 1: Heat 750, Fil 4, Vel 30, Del 150, Pul 80;
Line 2: Heat 650, Fil 4, Vel 40, Del 135, Pul150). The inner diameter of the probe was
measured using a Zeiss Gemini 500 SEM (operating in scanning transmission electron
microscopy mode) and for these pulling parameters was found to consistently be 30

nm = 10% (Section 3.7.1, Figure 3.4). Two Ag/AgCl QRCEs were used, one in the
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nanopipette and a second in bulk solution and were fabricated by electrolysis of silver
wire in saturated potassium chloride solution.

The basic instrumentation setup has been described in detail previously.26275
Briefly, the nanopipette probes were mounted on a mechanical micro-positioner
(Newport, M-461-XYZ-M) for coarse probe positioning over a sample. The fine
horizontal movement of the probe was controlled using a two-axis piezoelectric
positioning system with a range of 30 pm (Physik Instrumente, model P-733.2 XY
nanopositioner), while vertical movement was controlled using a single axis
piezoelectric positioning stage of range 15 pm (Physik Instrumente, model P-753.1
LISA). The piezoelectric positioners were mounted inside a faraday cage, built on an
air pressurised optical table (Newport, RS 2000) to avoid mechanical vibrations,
which incorporated acoustic insulation. Vacuum insulating panels (Kevothermal) and
aluminium heat sinks (aimed to reduce thermal fluctuations and drift of the
piezoelectric positioners) were also used. The stage housing the piezo was mounted
on a vibration isolation platform (Minus K) also incorporated within the faraday cage.
The electrometer and current—voltage converter used were bespoke, both made in-
house, while user control of probe position, voltage output, and data collection was
via custom-made programs in LabVIEW (2017, National Instruments) through a field
programmable graphics array (FPGA) card (7852R, National Instruments).

The nanopipette filled with low pH electrolyte solution described above was
brought into close proximity to the mounted enamel surface with manual micrometre
(M-461 series, Newport) and the aid of a camera (Pixel link with Edmund Optics lens,
6.0x magnification, 65 mm focal length). The bulk electrolyte solution was then added
and the tip approached to the surface with the piezoelectric positioner while using DC
feedback. Once surface is located, an oscillation of 10 nm was applied to the z-position
of the tip at a frequency of 210 Hz using an external lock-in amplifier (SR830DSP,
Stanford Research Systems) and the resulting AC current used to provide a stable
feedback signal for throughout the approach and etch pit generation. LabVIEW
software for controlled surface delivery in patterned arrays was used to carry out 36
dissolution measurements in a confined area. The probe position, AC current, and DC
current were recorded and monitored simultaneously throughout.

To quantify the extent of the erosive damage caused by the proton attack, the

depth of the etch pits is measured in situ. By applying a physical oscillation to the
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probe in the z direction, an AC component is introduced into the ion current. This
modulated AC signal originates from any change in the ion current over the course of
an oscillation, which is usually only significant when the probe is brought into close
proximity of a surface. In essence, when in bulk solution there is negligible change in
the current from peak to trough (i.e., AC signal is zero), as the system resistance
remains constant. However, when the oscillating probe is at a distance from the surface
with a similar size to the diameter of the nanopipette pore, there is an appreciable AC
component as the tip-surface distance is modulated. This is due to the restricted ion
flow resulting from the increased access resistance when the tip is closer to the
substrate i.e. at the bottom of the z-height oscillation.

The direct current (DC) component of the ion current is sensitive to both the
access resistance (tip-substrate distance) and local ionic environment (i.e. induced by
surface charge or chemical reactions). This is especially important when attempting to
measure a dissolution process which generates a local flux of ions from the target
surface, and therefore may affect the DC component of the ion current. The AC
amplitude is far less susceptible to changes in the local ionic environment at the
surface because it is calculated over the period of an oscillation throughout which the
local concentrations do not change appreciably (vide infra). Employing an AC
feedback condition by applying a small sinusoidal perturbation to the height of the
probe therefore allows accurate determination of the tip-substrate separation.

During the approach, the probe is biased at -100 mV which causes migration
of protons up the nanopipette, counteracting the concentration gradient, and
minimizing proton efflux from the tip (Figure 3.2A LHS.) Upon detection of the
surface, the probe QRCE is then biased positively relative to bulk (100 mV in most
cases herein, Figure 3.2A RHS), the protons are thereby expelled, inducing a
dissolution reaction and etch pit formation at the enamel surface. As the pit forms a
constant d value will be maintained by moving the probe closer to the sample and into
the etch pit. As a result, the z height measured during the 10 second dissolution (proton
delivery) pulse is an accurate measure of the depth of the etch pit, and the change in z
is proportional to the rate of dissolution (or the rate of pit formation).

Through utilisation of a scan hopping regime, it is possible to generate and
record multiple etch pits on a sample in a discrete area. Once a pit is made, the probe

is retracted from the surface (~ 2 um) and translated in the x-y plane to begin the next

96



approach. A separation distance of 3 |im between approaches was chosen, as the
diameter of each pit being sub 1”m. From this a 6 x 6 array of etch pits was generated
which can be adjusted along with the delivery time to provide a balance between
statistically significant numbers of etches per array and an acceptable experiment
duration of ~30 minutes.

With a polished enamel surface (roughness < 10 nm) repeatability is good,
however etch pit failures do occur. Due to small surface defects or variations in the
current attributed to minor blocking events at the nanopipette opening, etching may
not occur in a uniform manner. This is evident from a 20 nm retract from the approach
distance due to the change in current with the change to delivery potential. At this
distance, surface sensitivity can be lost and the tip does not re-engage tracking of the
surface, shown by the maintenance of this retracted height throughout the pulse. Figure
3.2C provides an example of such an event. All such traces are counted as false

engagements and are thus excluded from analysis.

1100 mV +100 mV

Approach Distance | nm
Proton Holding and Delivery

L Approach Distance / nm
Duration | s

Figure 3.2 SICM procedure. (A) Infographic depicting proton holding (LHS) and
delivery (RHS) with a nanopipette When a positive bias is applied to the working

electrode the protons are driven out of the nanopipette and react with the enamel in
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the footprint of the probe, generating an etch pit. (B) Experimental AC and DC
approach curves, raw experimental data showing the change in DC (blue) and AC
(red) feedback currents when the nanopipette is translated towards a dental enamel
surface. Approach distance calculated with FEM simulation. As separation distance
decreases, DC also decreases and AC increases to the approach threshold of 0.25 pA.
Either of these can be used for positional feedback. (C) Two Z profiles from which
the etch pit depths are calculated, first trace being a false engagement and second a
valid etch trace i. Approach to the surface at holding potential. ii. Delivery during a
false engagement, note minimal penetration to the surface. iii. Retracting away from
the surface at holding potential. iv. Delivery to the surface during a valid etch pit
formation resulting in a constant etching rate. * Denotes the point the probe engages
the surface in each trace. In the first trace it is clear no etching occurs as the surface
is not engaged. (D) Calculated approach curves from the FEM model. The DC (blue)
has the AC amplitude of the oscillation superimposed over it. The AC amplitude (red)

increases at close separation distances.

3.4 Theory and Simulations

3.4.1 FEM Model

FEM simulations were constructed in COMSOL Multiphysics (v5.4) to extract the
effective rate of reaction for acid induced enamel erosion. The system was simulated
using 2D axisymmetric model (Figure 3.3A), with the nanopipette geometry built from
representative scanning transmission electron micrographs (STEM) of experimental
nanopipettes (a representative STEM image is presented in Figure 3.4).8 The radius
of the pipette opening was measured as 15 nm and the height of the simulation domain
of the nanopipette was chosen sufficiently large enough to not affect the results of the
simulation (650 “m), likewise the outer boundaries (Figure 3.3A, Boundary B2) were

sufficiently far away to be considered bulk (100 [im).
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Figure 3.3 Schematic and results from FEM simulations. (A) Schematic (not to
scale) of the FEM simulation domain for SICM tracked etching of enamel substrates
(red). Nernst-Planck, Poisson and Navier-Stokes equations (Equations. 3.2-3.4) are
solved throughout the simulation domain as described in the main text. Boundaries
were prescribed as labelled, with B1 and B2 as open boundaries for fluid with set
concentrations and voltages. Dashed line shows the 2D axisymmetric axis. All other

boundaries are no-slip fluid boundaries, with charge of -30 mC m-2in the case of the
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pipette (purple) and 0 mC m-2for all other boundaries. (B) Calibration plot of kinetic
rate constant (kQ against etching rate during proton delivery, as calculated through

steady state simulations, allowing effective rate constant to be calculated.

20 nm

Figure 3.4 Scanning transmission electron microscopy (STEM) image of a
representative nanopipette. Pore diameter of approximately 30 nm.

Transport of dissolved species were described by the Nernst-Planck equation

(Equation. 3.2):

(3.2
where F, R and T are the Faraday constant, gas constant and absolute temperature (298
K), and D{ztand c are the diffusion coefficients, charge number and concentrations
of species i (Table 3.1). This is coupled to the Poisson equation (Equation. 3.3) to
describe the electric potential (f), and the Navier-Stokes equation (Equation 3.4) to

describe solution velocity (u) accounting for movement due to electroosmotic flow.

(3.3
uvVu =- (=Vp + *V2u —F(Y,i zici)V0) (3.4)

At the enamel/solution interface (red boundary) the dissolution of HAP is modelled

through the reaction described in Equation 3.1, where the inward flux of dissolution
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products is defined by the heterogeneous reaction rate (k), local proton activity {H*},

and unit vector normal to the boundary (n):

—n-Negre = ko - (H43-(5) (3.50)
—n* Nypoz- = ko {H"} (g) (3.5b)
—n-Ny+ = —kg - {H") (3.5¢)

Throughout the simulation domain, species equilibrium was controlled by a set of

reactions which were defined as follows:

- g+ - + _ (HPOG}{H™M)
H.PO, = H* + H,P0; Ky =L (3.62)
_ o+ 2 + _ (HPOZ)(H)
H,PO; = H* + HPO? Kz = eoss (3.6b)
-yt
H,0 = H* + OH™ K,= 210 (3.6¢)

where K}, K}, and K,, are the dissociation constants. The local activity (a,) of each
ion (Equation 3.7) is calculated through the Truesdell-Jones equation (Equation 3.7b)
from Debye-Hiickel theory:

a; = yiz—; (373)
Ji

10g10Y: = —Az? (1+ =+ Bl) (3.7b)

[ =237 ¢;z2 (3.7¢)

2

where local y; is the activity coefficient of each ion, A and B are empirical parameters
with values of 0.5 and 0.2 respectively and [ is the local ionic strength (Equation 3.8).
All electric potentials were applied to the upper nanopipette boundary (B1) at which
concentrations were maintained corresponding to those of the acid filled pipette; ([K*]
=50 mM, [C]'] =70 mM, [H*] = 20 mM) with the concentration of phosphate species
set to O mM and [OH] set by the resulting pH of 1.70. At the bulk boundary (B2),
electric ground (V = 0) was applied alongside bulk concentrations ([K*] = 50 mM, [CI-
] =50 mM, [H3P0,] = [HPO3~] = 0 mM), where [H*] and [OH-] were defined by the
solution pH of 6.8. Each of these boundaries (B1 and B2) was also defined as an open
fluid boundary, while a no-slip condition was enforced at all remaining boundaries.
Surface charge was only applied to the walls of the pipette (-30 mC m™?), resulting in
electroosmotically driven flow. The transport properties of simulated species used in

Equations 3.2-3.9 are presented in Table 3.1.
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Table 3.1 Table of species properties used in FEM. Diffusion coefficients and

charges of species used in FEM simulations, obtained from the CRC handbook.5!

Species Diffusion Coefficient | Charge (z)
(D) / cm?g?!
H* 9.311x 1075 1
OH™ 5.273 X 107° -1
HPO3~ 0.759 x 107° 2
H,PO, 0.959 x 107° -1
H;PO, 0.882 x 107° 0
Ca?* 0.792 x 1075 +2

3.4.2 Simulation Methodology and Validation

The approach was first simulated with the holding bias of -100 mV as a steady state
simulation, corresponding to the DC component from which the AC amplitude was
calculated from the DC amplitude of a 10 nm peak to peak oscillation of the tip. For
visualisation of the approach characteristics, the DC approach was fitted with an
accepted semi-empirical formula? and the distance modulated current calculated as a
sum of the DC component and AC perturbation (Figure 3.2D). The AC amplitude
approach set point of 0.25 pA was calculated as a tip-substrate separation of 36.5 nm,
at this point the proton flux is low with a surface pH of 5, marginally more acidic than
the accepted critical pH of 5.5,* indicating that the holding potential is effective and
the substrate is relatively stable throughout the approach.

Acid delivery was simulated as a steady state simulation with +100 mV bias
applied at the top of the pipette, the AC amplitude set point of 0.25 pA is maintained
and the calculated tip-substrate separation is 39 nm as the centre of the of + 5 nm
oscillation. Simulations at 39 + 5 nm indicate that the AC amplitude is insensitive to
changes in surficial fluxes across the range of kg, thereby maintaining a constant tip-
substrate separation independent of local surface dissolution (Section 3.7.2, Figure
3.5). These simulations also show that over a full period of oscillation, the resulting

tip-substrate separation causes very small differences in estimates of kg, with only 2%
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deviation between the peak (44 nm) and trough (34 nm) of the perturbation (Figure
3.6). Steady state simulations are therefore considered reasonable because the surface
tracking is able to maintain a constant tip-substrate separation and the etching rate is
independent of the sinusoidal perturbation in tip-substrate separation. Additionally,
the etching rates (up to 70 nm s!) are slow in comparison to the time required to reach
steady state (10’s of ms), particularly considering that there will be additional mixing
induced by pipette oscillation. Etching rates were calculated from the depth of HAP
removed in the region underneath the pipette, using the molar volume of HAP (V;,, =

3147.4 mol m?3) (Equation 3.9):

-k '{H+}
Keten = f )

g'm

While enamel is not pure HAP, estimates suggest that 90% of the content
comprises of individual HAP crystals which are 75 nm in diameter.®® Thus the scale
of the tip diameter (30 nm) and associated SICM resolution are smaller than the scale
of HAP crystals and enamel heterogeneities (vide infra).3' By applying different k
values in the simulations, a calibration between etching rate and effective rate constant
(k.p) can be obtained (Figure 3.3B), the high degree of linearity in this plot indicates
that the mass transfer of protons to the surface is sufficiently high to ensure that the
reaction is kinetically limited even at high reaction rates. As such, the fully surface
limited regime generated by SICM delivery techniques ensures experimental values
are a direct measurement of surface kinetics, demonstrating ability to specifically
probe even very fast interfacial processes.

FEM simulations were performed to assess the accuracy and validity of steady
state models during the delivery pulse, the deviation in AC over the range of k,
corresponding to experimental K., was assessed (Figure 3.5), as was the effect of the
sinusoidal perturbation in z-height upon K., (Figure 3.6). Figure 3.5 shows that the
ionic fluxes from the surface induce deviation in the AC of only -0.05 pA compared
to an inert substrate (0.25 pA). FEM simulations indicate that this causes a maximum
change in tip-substrate separation of approximately -0.25 nm. This minor change is

not expected to significantly affect k. calculated from experimental K.
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Figure 3.5 AC amplitude at different rate constants. FEM simulation of AC during
SICM proton delivery at across the range of kOcorresponding to the experimental KHth

at 39 nm tip-substrate separation + 5 nm sinusoidal oscillation.

To assess whether the applied oscillation affects the etching rate to a significant
degree kO was estimated for the extremes of the oscillation. Figure 3.6A presents
simulated Kethas a function of kOfor the peak (44 nm) and trough (34 nm) of the £ 5
nm sinusoidal perturbation of the tip-substrate separation. The steady state simulations
presented in the main text assume that the center of this oscillation (39 nm) is
representative of the entire period of oscillation. The requirement of this assumption
is that Ketdh varies linearly with tip-substrate separation, thereby allowing the mean
height to be representative of the mean Keth However, if there is a significant skew in
acid delivery between the maxima and minima, the response will be incorrectly
calculated due to non-linearity of the dissolution response between the highest point
(delivering less acid, overestimating surface kinetics) and the lowest point (delivering
more acid, underestimating surface kinetics). The maximum deviation from the mean
height estimate will be caused by the two extremes of the oscillation (44 nm and 34
nm), therefore the mean Ketof these two tip-substrate separations represents the
largest possible deviations from this assumption. Figure 3.6B shows the difference
between the Kethcalculated at the mean height and calculated as the mean of the Kdth
from both extremes in height. This indicates a maximum systematic underestimation
of 1.7-1.8% of Kdthover the range of kO which would lead to a similar magnitude in

overestimation of kdf. These data show that the increase in accuracy from simulating
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the entire period of oscillation are insufficient for the computational cost and that

simulation error is well within sample deviation.

0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
kO/ cm s'l kO/cm sl

Figure 3.6 FEM simulations of the relationship between the etching rate and kQ

(A) Simulated KEd for the peak (44 nm, orange) and trough (34 nm, green) of the
oscillation for distance modulated surface tracking during the proton delivery pulse.
The etching rate calculated from the mean KHdh of the peak and trough within one
period of oscillation (light blue) shows the maximum deviation from the etching rate
calibration line calculated by steady state simulations at the center of the oscillating
tip-substrate separation (39 nm, dark blue). (B) shows the percentage difference

between the two estimations is 1.7-1.8% within the relevant range of kQ.

3.5 Results and discussion

3.5.1 Parameter testing

Initial experiments to validate the procedure and to establish a suitable holding
potential as well as delivery potential were undertaken. Figure 3.7 shows the etch pit
z traces at different potentials over 30 seconds. For all positive potentials the same
etching trace was observed demonstrating that over this range of potentials the reaction
is surface Kkinetically limited. Increasing the flux of protons into the reaction space
does not increase the etch pit depth meaning the size of the etch pit generated is
dependent on the erosive properties of the surface and not any migration, diffusion or
delivery based limitations. It can be seen that at -100 mV a minimal amount of etching
occurs. The protons are largely retained by the bias at this potential, and the minor z
change that does occur may be down to piezo drift or a negligible amount of proton

leakage. This makes -100 mV a good choice for a holding potential.
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Applying a bias of -50 mV only partially retains the protons in the nanopipette
and an etch pit is formed, albeit at a slower rate. This is due to the migrative flux
induced by the electric field being unable to completely counteract the diffusive proton
flux out of the nanopipette at this potential. The flux of species out of the probe, due
to the concentration gradient from inside to outside of the nanopipette, overcomes the
holding potential and etching occurs. 100 mV was used as a delivery potential over a
10 second duration for all experiments. Keeping the experimental duration low but
obtaining a statistically relevant number of etch traces (36) was prioritised. Other

delivery conditions and array sizes can easily be studied with this system.

Time 1 s

Figure 3.7 Etching depth vs. time for different delivery biases.

3.5.2 Probe and sample variability.

To ensure consistency between etch arrays, a 30 nm nanopipette was used to make 3
identical arrays of 36 pits on the same enamel sample. A Kruskal-Wallis test showed
no statistically significant difference between the arrays (x2 = 3.261, p = 0.196) with
median etch depths of 594 nm (Q1 =534 nm, Q3 = 653 nm), 610 nm (Q1 = 534 nm,
Q3 =667 nm), and 532 nm (Q1 = 456, Q3 = 673). To test inter-probe variation, 3
different probes were used on discrete areas of the same sample and also lack

statistically significant differences (x2 = 0.506, p = 0.777), with median etch depths
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of 610 nm (Q1 =539 nm, Q3 = 693 nm), 598 nm (Q1 = 522 nm, Q3 = 702 nm) and
633 nm (Q1 = 541 nm, Q3 = 714 nm). This indicates that there is experimental
consistency between experiments using different tips and between repeated tests of
the same sample, with variation due to spatial heterogeneity. It is notable that mean
etch pit depths of the two enamel blocks in this section are different. This was seen
throughout the experiments and reflects the heterogeneous nature of organic dental

samples.

3.5.3 Taped enamel Vs sound enamel

To ensure any residue that may be left after using Kapton tape as a protective covering
does not adversely affect the experiment, a control was run. The control follows the
same procedure but administers 37 °C distilled water to the sample rather than a
fluoride solution. 106 measurements were taken on the un-taped sound enamel and 81
on the taped enamel, with means of 558 nm (Q1 = 496 nm, Q3 = 646 nm) and 569 nm
(Q1 = 485, Q3 = 631), respectively. Using a Wilcoxon rank-sum test p = 0.912,

indicating no significant difference between the taped and un-taped enamel.

3.5.4 Citric acid and fluoride treatments

To investigate whether the technique has the potential to be used as a screening test
for enamel repair and protection assays a multiple treatment study was undertaken. N
= 5 enamel blocks were polished down to a 50 nm finish with diamond lapping
suspension. Each sample was masked with Kapton tape so that half of the enamel
surface was covered and protected. The samples were exposed to 1450 ppm sodium
fluoride solution for 30 minutes at 37 °C, thus exposing one half of the sample to
fluoride. Once completed, the samples were thoroughly rinsed, and the protective tape
removed. Each sample was then subsequently tested with SICM. 6x6 arrays were
made on the untreated side of the enamel and then the fluoride treated. The electrolyte
solution was then removed, and the probe retracted to the maximum distance from the
surface (~1 cm) before the entire sample was exposed to a 30 second 1% citric acid
wash. The sample was rinsed thoroughly, the electrolyte replaced, and the probe
returned to the surface. Being sure to avoid the original etching areas, the samples
were then re-measured with the SICM etching protocol on both the sound enamel and

fluoride treated regions. This gives results from each sample reflecting the sound,
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fluoride treated, citric acid treated and fluoride followed by citric acid treated enamel.
These experiments allow for the investigation of inter-sample variability, fluoride
protection benefits for sound enamel, quantification of the weakness caused by citric
acid exposure and an assessment of the protective benefit offered by fluoride against

citric acid erosion (

Figure 3.8).
Untreated Fluoride L | Fluoride/Citric acid Citric acid
1 2 3 4 5 0.25 0.50 0.75
Sample Etch Depth | pm

Figure 3.8 Summary figures of recorded etch depths. (A) Box plot of etch pit depth
for untreated, fluoride treated, fluoride then citric acid and citric acid treated enamel
across the 5 samples. Median is central black line, extents of boxes are first and third
quartile, black lines are range of data (within 1.5 times the interquartile range) and
dots are outliers from this range. (B) A histogram showing the spread of all results for
sound, fluoride treated, fluoride then citric acid treated, and citric acid treated enamel,
with overlaid kernel density estimates. General trends can be distinguished, primarily
fluoride decreasing etch pit depth compared to sound enamel and citric acid exposure

greatly increasing etch pit depth.
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Table 3.2 provides a summary of the mean etch pit depths which are also displayed in
Figure 3.8 alongside aggregated treatment distributions. The etch pit depths, in
conjunction with FEM modelling, allow for the dissolution rate and calcium release
rate from the surface to be calculated. Using the calibration plot in Figure 3.3 the
experimental etch depths can be converted to etching and calcium dissolution rates.
The calculated rates are shown in Table 3.2, along with the mean depth value for each

etch pit array on each sample.

Table 3.2 Summary table of etch pit depth and FEM calculated dissolution rates.
The combined mean of the median etch rates for each condition is shown with the
standard error of the mean to indicate sample variation. The mean of medians is used

to calculate k.5 through the calibration in Figure 3.3B and also converted to surficial

Untreated Fluoride /
Fluoride Citric Acid
Enamel Citric Acid
Mean of median etch
36.0+£2.6 31.1+43 498 +7.0 60.0 £ 5.85

rate (nm s)

K/ cm st

0.148+0.008 | 0.128 £ 0.015 | 0.206 + 0.027 | 0.249 + 0.022

Jcazt X 107>/
A 1.7+£0.2 1.5+£0.2 24+03 29+03
mol m- s

calcium flux (j 2+).

Differences between treatments were significant when analysed by Kruskal-Wallis
test (y2 =247.91, p < 2.2 x 1071) and analysis by pairwise Wilcoxon rank-sum test
also indicates that each treatment is significantly different from each of the others (p
<0.05, Section 3.7.3 Table 3.3). This allows analysis of general trends within the data,
however the standard error of the means is large and there are also significant
differences across the samples (2 = 162.23, p <2.2 X 1071%), with individual sample
distributions shown in Figure 3.9. Comparing the means reported in Table 3.2 it is
evident that fluoridation of the enamel leads to a decrease in the etch pit depth and

citric acid exposure causes an increase,
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Figure 3.8B also demonstrates the spatial heterogeneity observed over the samples

with regards to the sample response.

Table 3.3 Pairwise analysis of aggregated data. Calculated p-values from pairwise
analysis of aggregate data by the Wilcoxon rank-sum test with Bonferroni adjustment.
Ratios of median etch pit depths demonstrate protective effect of fluoride vs. sound
enamel (0.863), weakening effect of citric acid vs. sound enamel (1.667), and

weakening effect of citric acid treatment to fluoride exposed enamel (0.83).

Citric acid Fluoride Fluoride/Citric acid
Fluoride <2x 10716 - -
Fluoride/Citric acid | 2.8 x 1077 <2x 10716 -
Untreated <2x10716 3.1x1077 6.1 x 10713

The relatively brief citric acid treatment has a strong weakening effect upon
enamel, increasing etching rates under subsequent acid delivery by 1.67 times. This is
caused by a sustained increase in etching rate over the 10 seconds of the experiment
(representative etching traces are shown in Figure 3.2C and Figure 3.7), suggesting
that citric acid is able to permeate more than 500 nm into the enamel surface where it
is at sufficiently high concentration to cause significant weakening of the enamel. This
weakening occurs through two mechanisms; simple acid attack which dissolves the
enamel and increases the porosity of the surface, and chelation of Ca?* which leaves
less stable HAP.#45557

Fluoride etch depths are 0.86 those of sound enamel, indicating a strong
protective effect of fluoride from acid attack, suggesting that fluoride is also able to
permeate into the enamel. While it is known that fluoroapatite is more resistant to acid
dissolution than HAP, the penetration depth of fluoride ions into the enamel layer is
debated, with some reports suggesting only 10s of nanometres being substituted.**
This debate could be addressed through employing SICM and longer delivery times
in future work. If there exists a surface layer of the HAP that has been substituted for
fluoroapatite rather than a bulk change in the material, there should be a point at which

the gradient of the etching curve begins to change with the rate of dissolution
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increasing when moving from the fluoroapatite to HAP region. However, many
estimates consider enamel as a perfect crystalline HAP surface, while in reality enamel
is a heterogeneous biomaterial made up of small HAP crystals in a biopolymer matrix
and could therefore allow deeper permeation, especially as the samples have been cut
and may experience cracking. Interestingly, where the citric acid treatment is preceded
by fluoride there is a similar reduction in etch rates (0.83 that of citric acid only) to
those observed when citric acid is not applied (0.86). This suggests that fluoride does
not provide extra protection against citric acid attack and possible chelation of calcium

compared to general protection against acid attack.®

Figure 3.9 Individual sample distributions for etch pit depth. Distribution of etch
pit depths generated through SICM proton delivery and surface tracking for 5 separate
enamel samples with various surface treatments; (pink) sound enamel, (green) 30
minute exposure to fluoride (1450 ppm), (red) 30 s exposure to citric acid (1%), and

(blue) exposure to fluoride followed by citric acid.
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FEM simulations of the acid delivery conditions show that the concentration
of protons at the surface results in a pH of 2.8 at areas proximal to the probe (Figure
3.10), this corresponds to a moderate to strong acid attack treatment, comparable to
exposure to stomach acid.68% The average effective rate constants for each treatment
are shown, with sound enamel calculated to be 0.15 cm s-1, comparable to literature
values and previous research from this group.646 As the reaction has been shown to be
almost entirely surface limited, there is a linear relationship between etching rate and
effective kinetic rate constant. The shape of etch pits is also shown for each treatment
mean as the etching rate, as the pH decreases to bulk (pH 6.8) across the surface, the

etching rate decreases accordingly.

Calcium ion ; [Ca2q
. i/ mM
concentration

4 102

10

Treatment

Fluoride, k=0.13 cm s'1
Untreated, k=0.15cm s 1
Fluoride/Citric acid, k=0.21cm s 1

Citric acid, k=0.25cm s 1

Figure 3.10 FEM simulation of the SICM proton delivery and surface tracking
process on enamel with various surface treatments. Steady state simulation of pH

distribution created by controlled proton flux from the pipette in proximity to the
surface are shown for k = 0.15 cm s-1 (left), with the corresponding concentrations of
Ca2+due to dissolution flux (right). Surface etching rates are shown across the surface

(bottom) for rates of interest from Table 3.1.
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Figure 3.11 FEM simulations of species distributions. Distribution of phosphate
species in steady state FEM simulations of SICM proton delivery. (A) HPOZ s
produced by acid induced dissolution of HAP at the substrate surface, this is quickly
protonated to (B) H2PO- which mainly diffuses into bulk but also migrates into the
tip where it is again protonated to (C) H3PO4which is only present in the first few

microns of the pipette.
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The rate constant for fluoride treated enamel is less well represented in the
literature due to the increased number of factors involved which define the ratio of
fluoride substitution. The effective rate constant from this work is (0.15 cm s™), this is
far higher than that of fluoroapatite, which is estimated to be an order of magnitude
lower than HAP,%” and suggests that a small proportion of fluoroapatite is incorporated
into the enamel. The flux of calcium from the surface is also shown (capped at 0.2
mM as it is concentrated within the double layer of the glass), with it shown to be
excluded from the nanopipette due to the applied bias. The phosphate products
however, form more complex spatial distributions. H;PO, is localised only within the
last 2.5-3.5 pm of the nanopipette (Figure 3.11) due to flux of phosphate products
from the surface and the local pH gradient within the tip, generating spatially confined
speciation which may be of interest to crystallisation studies.

For each sample, differences in the magnitude of response to citric acid and
fluoride treatments were apparent (Figure 3.5), therefore a more detailed analysis was
performed on each sample individually. The differences between treatments are once
again significant for all samples as shown by the Kruskal-Wallis (p < 0.05, Table 3.3),

however not all treatments are significantly different for each sample individually (

Table 3.4). Figure 7 demonstrates the effect of each treatment when compared
with the sound enamel along with the p-value for each comparison.

The citric acid treatment shows a consistently significant weakening effect on
the enamel, however both fluoride treatments show varied sample dependent
protection efficacies. Fluoride treatment alone always reduces mean pit depth,
however in two cases (3 and 5) these effects are small and the arrays not significantly
different compared to the sound enamel. The effect of fluoride pre-treatment upon
citric acid weakening is also complex, sample 1 demonstrates the strongest fluoride
protection response in both cases (Figure 3.12), while samples 3 and 5 reflect poor
response to fluoride overall. On the other hand, samples 2 and 4 are protected well

against induced acid dissolution alone but poorly against the citric acid treatment.
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Figure 3.12 Volcano plot of all treatments for each enamel sample. For each
sample (represented by different shapes) the ratio between median etch depth of sound
enamel and each treatment (shape colour) is shown against the p-value comparing the
treated array with the sound enamel, as determined by Wilcoxon ranked-sum tests
with Bonferroni correction. The dashed line indicates the significance threshold ofp
=0.05 and the solid line shows the sound enamel. Treatments to the right of the vertical
black line indicate an increased rate of etching compared to the corresponding
untreated enamel sample, while treatments to the left of the same line indicate a
relative decrease in etching rate. Treatments above the dashed line have statistically

significant effects compared to untreated enamel.
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Table 3.4 Pairwise analysis of treatments from individual samples. Calculated p-
values from pairwise analysis of 5 individual samples by the Wilcoxon rank-sum test

with Bonferroni adjustment.

Sample 1 Citric acid Fluoride Fluoride/Citric acid
Fluoride 1.40 x 1078 - -

Fluoride/Citric acid 220x 10712 |230%x107% |-

Untreated 3.40 x 1078 0.004 1

Sample 2 Citric acid Fluoride Fluoride/Citric acid
Fluoride 1.20 x 1078 - -

Fluoride/Citric acid 330 x 1075 9.60 x 1078 |-

Untreated 1.30 x 1078 0.00014 0.00315

Sample 3 Citric acid Fluoride Fluoride/Citric acid
Fluoride 7.80 x 10710 | - -

Fluoride/Citric acid 8.50 x 107 6.40 x 107> | -

Untreated 570 x 10711 |1 2.00 x 10710
Sample 4 Citric acid Fluoride Fluoride/Citric acid
Fluoride 1.90 x 1078 - -

Fluoride/Citric acid 0.72 2.00x107% |-

Untreated 1.70 x 107 520x 1078 | 890x%x10°°
Sample 5 Citric acid Fluoride Fluoride/Citric acid
Fluoride 3.80x 10710 |- -

Fluoride/Citric acid 0.0042 3.80x107¢ |-

Untreated 920 x 10711 |1 5.90 x 1077

There is also large within-sample variation, and it appears that there are often
2 distributions within each sample, suggesting 2 distinct surface environments with
overlapping distributions (Figure 3.9). More samples would be needed across the
sample surface to confirm this. The presence of 2 distributions may be due to the
length scale on which SICM induced dissolution operates; the pipette diameter is much

smaller (30 nm) than the 200-400 nm estimates of the size of inter-rod regions within
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the enamel lattice, with the etch pits generated being on a similar scale.?* It is possible
that these 2 distributions correspond with inter-rod and central region enamel, with a
more defined study being needed to confirm this.

These data suggest that there are properties of the different samples and
different sites which make fluoride treatments more or less effective. A likely
explanation for this is differences in composition or porosity which affect permeation
into the sample, where some sites are only protected by fluoride at the surface.
However, the same samples would therefore be expected to be least affected by citric
acid exposure and this is not the case, suggesting that there are more factors
influencing the sample response. These factors are difficult to standardise due to
differences in the samples cut direction and depth leading to varying contribution from
inter-rod and central regions, along with variability between individual donors.
However, these spatial and sample variations would be completely inaccessible with
other methods and SICM as a tool for inducing acid dissolution offers new

opportunities to probe and understand enamel erosion and crystal stability as a whole.

3.5.5 Pellicle layer SICM enamel dissolution with topographical images.

After completing an array, it is possible to run a topographical map without changing
the probe or disturbing the sample, if the bias employed is negative and large enough
(-100 mV) to retain the protons. The option to visualise the etch pits with a
topographical map is a powerful tool when investigating surface modifications and
treatments. Figure 3.13 compares the topography of etch pit arrays on a bovine enamel
sample, with and without a salivary pellicle present. The protection benefit to the
surface is evident in the reduction of the depth and width of the etch pits. The median
depth of the pits without pellicle layer is 377 nm (Q1 = 352 nm, Q3 = 412 nm) and
with pellicle present 284 nm (Q1 =252 nm, Q3 =331 nm), with statistically significant

difference between the groups (p = 1.13 X 10723, n=31).
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Figure 3.13 SICM topography images of etch pit arrays on a) sound bovine
enamel and b) with adhered pellicle layer. Pellicle generated by 30 minute

incubation in whole human saliva at 37 °C. Protective benefit of pellicle visualised by
a reduction in etch pit size and depth. The median etch depth of 377 nm for the pellicle
free sample corresponds to a keffof 0.155 cm s-land the pellicle coated samples average

depth of 284 nm corresponds to a keffof 0.116 cm s-1

The 93 nm difference in etching depth is greater than the predicted maximum
pellicle layer thickness of 40 nm.3This shows that the protective benefit of the pellicle
against acid erosion is not solely sacrificial, i.e. the proteins and make-up of the layer
inhibit the dissolution, potentially through a buffering effect that keeps the local pH

higher.® However this would also be observed to some degree if the enamel was
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significantly damaged by polishing that the pellicle layer could form within the
resulting cracks. These images help to visualise the significant reduction in erosion
offered by the pellicle layer. An exact measurement in the etch pit width is hindered
by the resolution provided by the 200 nm hopping distance used, however the depths
are consistent with the obtained pit depths from the acid delivery experiments.

These data show that the technique is adaptable and, for future studies on
dental substrates the system, can be made more representative of real-world conditions
by adding factors such as a pellicle layer. Going forward SICM can be utilised to
further enhance the effectiveness of in-vitro studies and help bridge the knowledge
gap with in-vivo counterparts by simulating conditions within the body as accurately

as possible.

3.6 Conclusions

The work presented here positions SICM, combined with FEM modelling, as a
powerful tool to both induce dissolution and simultaneously quantify the dissolution
rates of enamel at the nanoscale. This novel approach utilises distance modulated AC
currents to track surface topography changes that occur during dissolution driven by
the controlled SICM bias. Quantification of small changes in dissolution susceptibility
imparted by mild treatments similar to real world conditions demonstrates this
technique as a powerful tool. With improved resolution and carefully controlled
delivery this could open up the possibility of exploring surface heterogeneities such
as comparing the dissolution rates of the inter-rod regions of enamel with the bulk.
Combined with correlative microscopy, this would allow the differences in the
underlying mechanisms at different sites to be examined.

FEM simulation allows conversion of the experimental etch pit depth data into
effective heterogeneous reaction rates, providing relevant quantitative Kinetic
information about a complex interface. This work focusses on dental protective
coatings and their relative susceptibility to acid attack, however this technique is
widely applicable and could provide a wealth of information about additives,
protective coatings and oxide layers on surfaces required to be corrosion resistant.

The protective influence of a fluoride treatment against HCl induced

dissolution upon tooth enamel was quantified and shown to be significant. Citric acid
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exposure weakened the surface, leading to enhanced dissolution rates of the surface
when exposed to a further HCI attack. Future work could utilise this platform and
longer delivery times to address important questions as how deep such treatments
penetrate the surface. The presence of a pellicle layer also was shown to protect the
surface, as reported in literature, and its inclusion offers promise of improving the
relevance of future in vitro dental studies, with SICM experiments amenable to a range
of biologically relevant conditions.

SICM is an incredibly versatile technique for the study of different interfaces
owing to the wide range of conditions in which it can be employed and the high degree
of potential control it allows. As this work demonstrates, through careful experimental
design and choice of parameters and conditions used, a whole range of questions
surrounding interesting and important interfacial chemistries can be addressed at the

nanoscale.
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4 Nanoscale analysis of live bacteria using Scanning
Ion Conductance Microscopy: towards

bioelectrical models of the bacterial cell envelope

This chapter continues the application of various SICM functional mapping
methodologies to complex substrates. Pulsed-potential SICM and scanned-potential
SICM are used to interrogate gram-positive and gram-negative bacteria and FEM
simulations are used to deconvolute the mechanisms underpinning their bioelectrical
response. The wealth of information obtainable from this combined methodology
allows verification of models of the bacterial cell envelope and investigation into the
effects that functional SICM mapping techniques have upon the substrates. FEM
simulations are used to show that the gram-negative response is likely to be dominated
by surface charge. The gram-positive response is complex and requires further
consideration to be explained.

This chapter is in preparation to be submitted for publication. Experiments in
this chapter were performed by Kelsey Cremin with help and preliminary experiments
performed by Bryn Jones. The author has also performed similar experiments which
are not included in this work. Simulations were primarily performed by the author
with assistance from Kelsey Cremin. The manuscript was prepared by the author in

collaboration with Gabriel Meloni, Kelsey Cremin, and Bryn Jones.
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4.1 Abstract

Functional mapping with scanning ion conductance microscopy (SICM) has been used
to investigate the nanoscale charge properties and ion flux behaviour of a wide range
of surfaces including live mammalian and plant cells. There is an increasing interest
in bacteria as single entities within a population or community and the bioelectrical
properties of bacteria underpin their interactions with the environment and each other.
SICM was used herein to investigate the bioelectrical properties of two bacterial
strains, a gram-negative Escherichia coli and a gram-positive Bacillus subtilis. Finite
element method (FEM) simulations were employed to understand the contribution of
fixed charges in the bacterial cell envelope to the bioelectrical response. Through this
method, we demonstrate the challenges surrounding understanding the complex
charge of gram-positive structures. This alludes to as yet unreported descriptors of the
bacterial cell wall pertinent to fully understanding the charge environment, where the
demonstrated capabilities of SICM to make sub-cellular measurements are set to

perform a key role.

4.2 Introduction

SICM is unique in the ability to perform nanoscale functional mapping of live
biological substrates in sifu to simultaneously provide an abundance of information
about the surface topography,'? interfacial properties,® and dynamic processes.* ' In
particular, developments in SICM scanning procedures and finite element method
(FEM) simulation have allowed SICM to be employed as a quantitative tool for
surface charge mapping,'!'!? reaction mapping,'* and controlled delivery of analytes to
samples.'*'¢ Combined with the robust topographical feedback, this places SICM as
one of the most powerful and versatile tools for probing living systems.

SICM utilizes a glass or quartz nanopipette filled with an electrolyte solution
to probe a substrate which is immersed in an electrolyte bath. A bias is applied between
a quasi-reference counter electrode (QRCE) inserted into the nanopipette and a second
placed in the bulk solution, this drives an ionic current through the pipette which is
highly sensitive to tip-substrate separation and local ionic conductivity, allowing
synchronous acquisition of topography and functional surface maps.'”?2 As the
composition of the electrolyte solutions do not need to be the same, SICM can be used

to probe living systems in sifu, even in low ionic strength media.?
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SICM methodologies have been applied to a wide range of complex systems
providing information on nanoscale heterogeneities which contribute to a wide array
of biological and interfacial processes. Surface charge mapping in particular has been
used for mammalian cells,'® complex biomaterials,?* and ultra-micro electrodes.!*
Critical information about the surface charge distribution and dynamic processes that
potentially occur at the interface of the sample and solution can be acquired by
employing different potential scanning protocols.>17252¢ The properties which define
the bioelectrical response of cells are the local distribution of charges at the cellular
interface and the fluxes of ions between the cell and the local microenvironment for
metabolism and signalling.

Heterogeneities in charge distribution are known to play a role in crystal
nucleation and growth,?”” biofilm formation,?® cellular uptake,? differentiation (e.g.
persister cells and biofilm forming cells),® and the antimicrobial resistance of
bacteria.?'?* Often these charge density heterogeneities are subtle, difficult to quantify
and difficult to visualise, with only a handful of techniques able to probe them.337
SICM is one of few techniques able to make non-invasive measurements of cells
within their individual microenvironments with sub-diffraction resolution.?® To date,
most applications of SICM have focussed on mammalian cells, 13- with little work
on investigating microbial substrates.

Single entity measurements have become increasingly important within
biology,?# catalysis,* and materials science,* as individual responses provide
considerably more information than bulk measurements of the same ensembles and
populations. Measurements of cellular heterogeneity are increasingly important for the
study of bacterial populations, particularly that of bacterial communities which modify
their environment and communicate between members of the quorum.*® It has been
previously shown that individual cellular responses show high heterogeneity even
between genetically similar cells kept under seemingly identical conditions, thus
stressing the importance of the feedback between the individual cells and their
microenvironements.*” Understanding the cause of variation across a population, and
therefore the ensemble behaviour, is dependent upon understanding the contributions
of heterogeneities in cellular microenvironments, genetic/phenotypic variation, and
metabolic state.® These factors shape efforts to utilise and influence bacterial

populations, such as in developing antifouling surfaces,® fighting antibiotic
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resistance,and building microbial fuel cells.£2As a result, a wide range of fields have
developed of single cell methods including cell sorting,3BL cell-scale -omics
methods, 5253 along with an array of fluorescence microscopy based and spectroscopic
techniques.434

The environmental interface of individual bacterial cells is defined by the
structure of their bacterial cell envelopes, which influence cellular processes including
cellular uptake,® growth,% and cell adherence to substrates.19%6 Bacterial cell
envelopes are broadly classified into two polyphyletic groups; gram-positive and
gram-negative (Figure 4.1), each arising from structural differences which underpin
interactions with the environment.523 Previous zeta-potential and electrophoretic
measurements have shown that both gram-positive and gram-negative bacteria present
a net negative charge, however the magnitude of the charge varies between the two
groups and between specific species.@363 It has also been indicated that the surface
charge is influenced by physical conditions such as growth medium,64 age,® and

surface structural features relating to differences across strains.667

Gram-Positive Gram-Negative

Figure 4.1 Illustration of a simplified bacteria cell envelope. The ultrastructure and

principal components of gram-positive and gram-negative bacterial cell envelopes.
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The charge properties of the bacterial cell envelope have been measured
through a number of means, early work was done in the lab of Johannes Lyklema upon
isolated cell walls to estimate the average charge density in the gram-positive and
gram-negative cell walls.®2¢8% Electrohydrodynamic considerations of the bacterial
cell envelope have been developed which parameterise the charge and flow properties
of the cell envelope through a softness parameter which can be determined through
electrokinetic measurements of populations of cells in suspension.””* These methods
describe the average response of a population for measurements which are also
averaged over the accessible volume of cell envelope, therefore it is difficult to infer
detailed information from these measurements.”?”® The charge properties of the
bacterial cell envelope are mechanisms through which biofilms can form* and
antimicrobial resistance can occur.?*¢” To fully understand these mechanisms and
further research into combating these issues, it is necessary to understand the origin
and distribution of the charge properties in the bacterial cell envelope. This is also
important for the understanding of physiological processes such as cellular uptake and
metabolism3” and cell signalling.”

Herein, we apply SICM functional mapping methodologies to live bacterial cells
to study two different bacterial species, gram-positive Bacillus subtilis and gram-
negative Escherchia coli. Using two distinct potential scan protocols (pulsed-potential
SICM and scanned-potential SICM) we investigate and report the nanoscale
bioelectrical response at the cell interface. This allows us to further understand the
local bioelectrical response of the cell envelope of live bacterial cells and the
underlying contribution from the cell wall charge in each species. FEM simulations
were used to build a more comprehensive picture of the properties and mechanisms
influencing the interfacial electrical response of bacteria. This, in turn, will enable
future analyses that can link diverse cellular behaviours to electrical responses within

the cell-microenvironment interface.

4.3 Methods

4.3.1 Chemicals

All reagents were from analytical grade and used without further purification.
Deionized water (Milli-Q, resistivity ca. 18.2 MQ cm at 25 °C) was used in the

preparation of all solutions. 50 mM potassium chloride, buffered at pH 7.0 with
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tris(hydroxymethyl)aminomethane (both from Sigma-Aldrich) was used as supporting
electrolyte for all the SICM experiments. Low melting point agarose (Cleaver
Scientific, CSL-LMAZ100), poly-L-lysine (Sigma Aldrich) and Cell-Tak (Corning)

were used as adherent substrates for the both bacterium species.

4.3.2 Nanopipettes fabrication and characterization

Nanopipettes were pulled from borosilicate glass capillaries (0.d. 1.2 mm, i.d. 0.69
mm, Harvard Apparatus) using a laser puller (P-2000, Sutter Instruments: pulling
parameters 200 nm pipettes: Line 1 Heat 330, Fil 3, Vel 30, Del 220, Pul -; Line 2:
Heat 300, Fil 3, Vel 40, Del 180, Pul120. Pulled pipettes were characterized regarding
their inner radius and overall probe geometry by SEM using a Zeiss Gemini 500 SEM
(operating in scanning transmission electron microscopy (STEM) mode). A

representative STEM image is presented in Figure 4.2.

Figure 4.2 STEM images of a typical nanopipette used herein. Pore diameter
approximately 180 nm.

4.3.3 Instrumentation.

The basic instrumentation setup has been described in detail previously.1l Briefly, the
lateral movement of the probe was controlled using a two-axis piezoelectric
positioning system with a range of 300 pm (Nano- BioS300, Mad City Laboratories,
Inc.), while movement normal to the substrate was controlled using a single axis
piezoelectric positioning stage with a range of 38 pm (P-753-3CD, Physik
Intrumente). All electrochemical measurements were performed using in-house built

instrumentation controlled via a custom-made LabVIEW interface (2016, National
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Instruments) through an FPGA card (7852R, National Instruments). The instrumental
setup is vibration and thermal insulated, and all measurements are performed inside a
faraday cage to mitigate interference. An integrated Zeiss Axiovert inverted
microscope was used for course positioning of the nanopipettes over the bacterial

substrate and collection of optical images.

4.3.4 Bacterial Strains

Wildtype E. coli K12 was used in this study, originally obtained DSMZ. Due to issues
during SICM scans cause by the mobility of the B. subftilis, a B.subtilis NCIB 3610
mutant strain with deleted hag genes was used instead. The strain (denoted as
DS1677)) was obtained from Munehiro Asally, University of Warwick, and is
referenced in Mukherjee ef al. (2013).7* The Ahag mutation prevents production of
flagellin which is a key subunit for the polymerisation that forms bacterial flagella.
Therefore, species deplete in flagellin have limited flagella, resulting in reduced
motility. For the application of SICM, the limited motility enabled the adhesives to
hold the bacteria stationary across the SICM scan.

A mutant strain of B.subtilis NCIB 3610 without the eps operon was also
investigated. The eps operon 1is responsible for the biosynthesis of an
exopolysaccharide that binds chains of cells together in bundles and forms a major
constituent of the extracellular polymeric substances (EPS) secreted by the cell.
Strains deplete in these genes therefore do not produce this exopolysaccharide. Further
details of this strain formation can be found in Kearns et al. (2005).7° Wildtype
B.subtilis NCIB 3610 strains were also studied for use in SICM, where there was no
notable disparity in local charge values compared to the mutant hag resistant strain.
However, the higher motility of this strain compromises the imaging quality in

comparison to the hag-deplete strains used herein.

4.3.5 Bacterial cultures

B. subtilis NCIB 3610 - Ahag), B. subtilis NCIB 3610 - Aeps, and E.coli K12 (wild
type, obtained from DSMZ) were cultured in a modified M9 media containing 0.4%
w/v glucose and full media composition in 4.3.6). Bacteria were taken from freezer

stocks (50% glycerol, -80 °C) and grown in 40 mL volumes of media, occupying 100
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mL sterile Erlenmeyer flasks. The cultures were grown overnight prior to SICM

measurements on a shaking incubator at 37 °C and 150 rpm.

4.3.6 Bacterial Culturing in M9m

Modified M9 media (M9m) used for bacterial culturing was based on established
minimal media and adapted for growing a range of bacteria of interest, including the
E. coli and B. subtilis used in this work.”® The media is also adapted to render it
suitable for use as an electrolyte for scanning the bacteria. Listed in Table 4.1 are the
final components included in 1L of the full M9 media with glucose as a carbon source.
Tables 4.1-4.4 provide the composition of each individual component, used as
purchased from Fisher Scientific. All media were adjusted to pH 7, autoclaved, and

used within a week of formation.

Table 4.1 Full M9m media components.

Details explained | Components added to 1L
in

5x M9 minimal salts Table 4.2 200 mL

1 M MgSO4e7H,O - 2mL

Carbon source (0.4% w/v) - 20 mL

1 M CaCl; - 100 uL.

10 mM FeCl3;e6H,0 - 1 mL

1000x Trace metal solution Table 4.3 1 mL

5-vitamin solution Table 4.4 1 mL

Table 4.2 Quantities and concentrations for M9m minimal salts.

Components Concentration | Concentration in
added for stock |in 1L stock | 1L final full M9
soluton 1L (mM) media (mM)

Na;HPO4¢7H,0 64 g 238 mM 47.6 mM

KH2PO4 I5g 110 mM 22 mM

NaCl 25¢ 43 mM 8.6 mM

NH4ClI S5g 93 mM 18.6 mM
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Table 4.3 Quantities and concentrations for 1000x Trace metal solution.

Components Concentration | Concentration in
added to 1L stock | in 1L stock | 1L final full M9
solution (mM) media (M)
CuCl,02H,0 5.455 mg 0.032 mM 0.032 uM
ZnSO4e7H,0 219.968 mg 0.765 mM 0.765 uM
CoCl; 21.436 mg 0.169 mM 0.169 uM
NaxMoQO4e2H,0 399.218 mg 1.650 mM 1.650 uM
H3BOs 2862.729 mg 46.300 mM 46.300 uM
NiCl,e6H,0 998.382 mg 4200 mM 4200 uM
NaxW04e4H,0 80.154 mg 0.243 mM 0.243 uM
NazSe0305H,0 59.966 mg 0.228 mM 0.228 uM

Table 4.4 Quantities and concentrations for 5-vitamin solution.

Components Concentration | Concentration in
added to 100 mL | in 100mL stock | 1L final full M9
stock solution (mM) media (LM)
Biotin 2 mg 0.082 mM 0.082 uM
Pyridoxine 10 mg 0.486 mM 0.486 uM
hydrochloride
Thiamin S5 mg 0.148 mM 0.148 uM
hydrochloride
Riboflavin 5 mg 0.133 mM 0.133 uM
Nicotonic acid 5 mg 0.406 mM 0.406 uM

4.3.7 Bacterial Substrates

For SICM scanning, adhesive layers of poly-L-lysine (PLL), Cell-Tak, or thin (< 0.5
mm) agarose gels were deposited on the glass surface of a 50 mm glass bottomed dish
(WillCo Wells, USA, HBST-5040). All adhesion methods were able to anchor and
restrict inherent bacterial movement, whilst not inhibiting culture survival, and further

details of the adhesion procedures and viability tests can be found in Section 4.3.11.
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For all adhesion methods and bacterium species, a 100 uL aliquot of an overnight
culture (optical density at 600 nm ~0.45) was drop cast to the substrate. The sample is
then left for 30 minutes at room temperature to adhere.

During the optimisation stages of the experimental methodology, several

adhesives were investigated for their ability to retain bacteria to the cover glass
bottomed sample dishes across the SICM experiment. Those used in the scans
included herein are described below.
Agarose: As the agarose layer is transparent and thin, visualisation of the bacteria
using the inverted microscope was possible, facilitating positioning of the tip over
areas of interest. Based on the agarose pads method by Young ez al. (2011),77 agarose
solutions were made using 0.8% (w/v) Cleaver Scientific low melt agarose (CSL-
LMA100) in artificial seawater media (ASWm) basal salts and S0 mM sodium acetate
(as described in ZerfaP ef al. (2018)).7® The solution was autoclaved for 30 minutes to
melt the agarose whilst maintaining sterility. At 80 °C the agarose solution flask was
transferred to a water bath at 50 °C to keep the agarose liquefied.

For sterility, the agarose layers were prepared inside a laminar flow hood. 450
uL of agarose solution was pipetted in an outwards expanding spiral from the centre
of a 50 mm cover glass bottomed dishes (WillCo Wells, USA, HBST-5040, glass
thickness approximately 170 um), the dish was rotated to evenly spread the agarose
then placed in the laminar flow hood until set, creating a uniform layer. From the
volume of agarose added to the dish, the agarose layer thickness is calculated to be
approximately 0.25 mm. Solidified agarose plates were sealed and refrigerated until
use for up to one week.

Prior to scanning, 100 uL. of an overnight culture (optical density at 600 nm
~0.3) is pipetted dropwise across the agarose layer and rotated to evenly spread. The
sample is then left for 30 minutes at room temperature. Following this, the dish is
placed into an incubator at 37 °C for 30 minutes to dehydrate the agarose and
evaporate any residual liquid.

Whilst it is possible to adapt this method to incorporate other media instead of
the ASWm, due to the transparency and minimal crystallisation and clouding, the

ASWm pads had the best optical properties to permit experimental set-up.
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Poly-L- lysine: PLL has minimal effect on bacterial viability if the substance is
adhered to a substrate, and not free in solution where it is known for its antimicrobial
properties. In order to adhere bacteria using PLL, 50 mm cover glass bottomed dishes
(glass thickness approximately 170 um) were coated in 500 pL of 0.01% poly-L-
lysine (Sigma Aldrich, sterile-filtered) for 15 seconds. The PLL solution was then
extracted via pipette and the dish washed with 5 applications of 1 mL DI water, this
leaves behind a nm thin surface layer of PLL. An overnight bacteria culture (50 pL,
0OD600 approximately 0.8) was added to the dish, which was rotated to evenly coat
the surface. The sample was then allowed to incubate for 30 minutes at room
temperature. The dish was then washed with 3 applications of 1 mL DI water to
remove un-adhered bacteria.
Corning® Cell-Tak™: Cell-Tak was used in accordance with the adsorption method
provided in the instructions for use provided by Corning (Catalog 354240, 354241).
Cell-Tak was purchased at 2.36 mg/mL concentration, in acetic acid, where 200 uL of
formalised Cell-Tak adhesive was prepared per each 50 mm glass bottomed dish used.
For coating each sample dish 7 uL. of Cell-Tak was added to 193 uL of sterile
100 mM sodium bicarbonate solution; adjusted to pH 8 with 5% acetic acid, and
vortexed for 10 seconds. The solution was then immediately added to the centre of the
dish and spread to cover approximately two thirds of the dish base. The dish was then
placed in a 30 °C incubator for 20 minutes. Following this the dish was washed with
MilliQQ water to remove of residual sodium bicarbonate, and 50 uL of an overnight
bacterial culture (ODgoo approximately 0.8) was added to the middle of the dish and
swirled to cover the Cell-Tak layer. The sample was then left for 30 minutes allowing
adherence prior to SICM. Adhesion appeared to reduce over time, however was

sufficient for up to 8 hours.

4.3.8 Electron microscopy of bacteria

Bacterial cultures were grown overnight from freezer stocks in M9m media, added to
carbon-laced copper TEM grids, and then imaged using a Zeiss Supra 55VP. For Cryo-
TEM, samples were grown overnight from freezer stocks in M9m media, 4 pL were
then sampled onto lacey carbon films on copper TEM grids, and immediately frozen
in liquid ethane using a Leica EM GP cryo plunge freezer. Imaging was perfomed

using a Jeol 2100 TEM with a field electron gun operating at 200 kV.
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4.3.9 Fluorescence microscopy

EPS was stained with Alexa Fluor 594 (Concanavalin A, Thermo Fisher Scientific,
Catalog number: C11253). As Alexa Fluor 594 stains the EPS and the bacteria, a
second stain of SYBR Green (x10,000 in DMSO, Thermo Fisher Scientific, Catalog
number: S7585) was also used which would only stain the bacteria, therefore
allowing distinction between the bacteria and the EPS.

Cultures of B.subtilis (Ahag) were grown in M9m overnight as described in
Methods. To 1 mL of bacterial culture, 100 uL of absolute methanol was added and
allowed 15 minutes to permeabilise and fix the sample. To this sample, 1 uL of a
x1,000 in DMSO solution of SYBR Green was added for 5 minutes. The sample was
then centrifuged (5 minutes, 5000xg) and the supernatant was replaced with fresh
MO9m media, this was repeated a total of three times. The sample was then stained with
Alexa Fluor 594, giving a total concentration of 100 pg/mL. The sample was vortex
briefly and then added to a WillCo well plates treated with PLL, such as described in
SI-3. The plates were allowed to incubate for 2 hours at 30 °C. For a control sample,
media without bacteria was treated and stained with both dyes and applied to a PLL-
coated plate in the same way as described for bacterial samples. The fluorescence
response was then recorded and this was used to determine any background
fluorescence which could not be attributed to the bacterial activity.

An Andor/Nikon Spinning Disk Confocal Laser Microscope confocal spinning
disk microscope was used for imaging, courtesy of the Warwick Integrative Synthetic
Biology (WISB) platform. This system used a EMCCD 1k x 1k pixel camera.
Temperature was controlled to 30 °C using an OKOlab Caged incubator. Alexa Fluor
594 was observed using a 561 nm laser excitation (50 mW laser, 20% power), with
emission through a Alex568-TRITC filter. The SYBR Green was observed using 488
nm laser excitation (50 mW laser, 10% power), and observed emission with a

GFP/FITC filter.
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4.3.10 SICM Scanning Regime.

The full details of SICM charge mapping have been described in detail
elsewhere. 1112190 Briefly, the nanopipette is approached towards the surface with a
small applied bias between the internal and bulk QRCEs (Figure 4.3A), typically 50
mV, where the ionic current response is insensitive to surface charge (Figure 2B a).
When a set current threshold (usually 2% change in current magnitude) is reached, the
tip bias is either pulsed to -500 mV or scanned from -500 mV to 500 mV, depending
if a pulsed-potential or scanned-potential programs is employed (Figure 4.3B b). The
corresponding ionic current response is measured for the duration of the potential
pulse or scan and the nanopipette is then retracted 2 |im into the bulk solution, held at
50 mV, and the same potential pulse or scan program is repeated at the bulk (Figure
4.3B c to d). This allows for each surface current measurement to be normalized

against a bulk measurement.

A Vn.,

Figure 4.3 Details of the SICM scanning regimes. (A) SICM schematic depicting a
nanopipette probe submerged in electrolyte and connected by two QRCE’s. (B) An
infographic to show probe vertical motion alongside changing on potential for both

pulsed and scanned potential programs.
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The probe is then laterally translated by a set distance and re-approached,
starting the process over again. This procedure is repeated at every pixel of the
electrochemical map. As the z height at each approach is also recorded, a
topographical map is synchronously acquired. The nanopipette current response
during the potential programs (pulse or potential sweep) gives a direct measurement
of the local 1onic conductivity in proximity to the nanopipette, be that at the surface or
in bulk.'? At the surface previous work has shown through a combination of
experiments and FEM simulations, that the nanopipette is sensitive to the composition

of the double layer without directly probing it.!t

4.3.11 Growth and viability of bacterial strains

After the SICM experiment, bacteria were streaked from the experimental substrate
onto LB-agarose plates and aliquots from the bath were also plated onto LB-agarose,
with blank media and seed cultures as controls.

Growth studies were performed to ensure that the cells were in a healthy
growth stage during the SICM experiment. Growth was measured in a 96 well plate
(Falcon 96 Well Cell Culture plate, sterile (Corning, UK, #353072)) where the
absorbance at 600 nm over time was used to examine the growth of culture, where
increased absorbance is indicative of bacterial growth, as is standard procedure for
growth studies. The optical density at 600 nm (ODsoo) was measured using a BMG
Clariostar plate (BMG Labtech), set at 37 °C with a double orbital shaking at 150 rpm,
measurements of growth were recorded once every 10 minutes for 2000 minutes.

200 pL. of M9m was added to each well, to which 2 uLL from a dense bacterial
culture was added at the start of measurement. Along with replicates of each bacterial
strains (B.subftilis AhAg, B.subtilis Aeps, F.coli WT), a control series of M9m was
included for background subtraction.

The growth curves for the three bacterial strains are shown below (Figure 4.4),
included is the M9m control to demonstrate the stability across the course of the
experiment. Cultures are grown overnight from freezer stocks, therefore using the
growth curve at approximately 15 hours (900 minutes), the £.coli would be in an early
stationary phase, and the B.subfilis strains would both have passed the exponential

growth phase and entered a lagging stationary phase.
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Figure 4.4 Mean optical density growth curves. Mean optical density at 600 nm
(OD®Y of different bacterial strains as grown in M9m media, and measured by plate
reader. Standard deviation of 8 samples is shown by shading, measured across 2000

minutes, one measurement every 10 minutes.

In order to determine if there are viable cells left in the sample dishes of
bacteria samples following a day of SICM experiments, surface swabs and liquid
aliquots from SICM samples were spread on Lysogeny broth (LB) agar plates and left
for 36 hours at 37°C. This was initially performed to allow colony counting of viable
cells between different strains and electrolytes (i.e. 50 mM KCI or M9m). However,
all the samples grew to a density where colony counting was not possible and whilst
this showed growth of bacteria in KCI samples, it was not a quantitative assessment
of the differences in viability between the SICM samples with KCI and M9m media
in the place of electrolyte. These samples were compared to equivalently treated
samples of cell free media to serve as a control, in these samples there was no observed
bacterial growth as expected, demonstrating the bacterial growth was not caused by a

lab or experiment contamination.
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Whilst the LB plates show that there are viable cells following the SICM
experiment using KCI and M9m as an electrolyte, it does not indicate the percentage
of cell death or survival. To try to obtain quantitative observations of the growth of
bacteria exposed to KCl, a plate reader experiment was set up in which bacteria
samples were exposed to 50 mM KCI for 8 hours (the total standard length of SICM
experiments), where recovery growth for bacteria placed back in M9m was recorded
over time and compared to cultures not incubated in KCI.

Cultures of B.subtilis Ahag, B.subtilis Aeps, and F.coli WT were grown
overnight in M9m at 37°C. 1 mL samples of each culture were centrifuged for 5
minutes at 5000 rpm to sediment the cells, where the supernatant was then removed
and replaced with 1 mL of a 50 mM KCI solution buffered to pH 7 with
tris(hydroxymethyl)aminomethane. The cells were resuspended and left in the
microbial flow hood at room temperature for 8 hours, a similar maximum length of
time to a day of SICM experiments. A control condition was included where
sedimented cells were instead suspended in fresh M9m, in attempts to determine if the
centrifugation process affected the cell viability following incubation.

After incubating for 8 hours, the cultures were again centrifuged for 5 minutes
at 5000 pm and resuspended in 10 mL of fresh M9m. The 10-fold dilution of cells in
media was used to ensure that a representative proportion of the incubated cells enter
to growth plates, therefore more clearly highlighting difference between KCI-
incubated and M9m-incubated cells.

8 replicates of 200 pL. samples from each condition were added to a transparent
96 well plate (Falcon 96 Well Cell Culture plate, sterile (Corning, UK, #353072)),
along with a condition of M9m for background subtraction. The optical density at 600
nm (ODeoo) was measured using a BMG Clariostar plate, set at 37°C with a double
orbital shaking at 150 rpm, measurements of growth were recorded once every 10

minutes for 2000 minutes. The results of the growth study are shown in Figure 4.5.
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Figure 4.5 Growth of bacterial strains in the presence of KC1. Mean optical density
at 600 nm (OD600) of different bacterial strains as grown in M9m media, following
incubation of either KCI or M9m. Standard deviation is shown by the shading,
measured across 2000 minutes, one measurement every 10 minutes (mean of 8 repeats

with standard deviation at each time point).

The B.subtilis strains incubated in KCI show a delayed exponential growth
curve until they reach maximum absorbance. This would imply that either the initial
viable cell concentration is lower in the KCI condition at the initiation of the plate
reader recording, which could indicate cell death in KCI, or a delay in recovery into
exponential growth following KCI incubation. It is noted that the cells in 50 mM KCI
are expected not to grow as the solution lacks a carbon source or other nutrients,
therefore the incubation in M9m could have increased cell growth going into the plate
reader, even at room temperature. If the M9m-incubated condition has a higher initial
viable cell concentration then it would be expected that the peak of the exponential

growth stage would be reached sooner. There is also a slight delay in the exponential
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growth in E.coli, however as the bacterial species is faster growing the delay is less
prominent.

Overall these results do show a difference in growth between the KCI- and
MO9m- incubated condition across all strains, however exponential growth still peaks
within a similar time frame following inoculation. This implies that similar numbers
of cells are still viable following KCI incubation compared to M9, suggesting that the
bacteria are generally still viable during an SICM scan. Whilst it is not possible to
ensure that individually scanned bacteria are alive, the culture as a whole is viable and

recovers following the SICM experiment.

4.4 FEM Simulations and Model Parameterisation

FEM simulations were constructed in COMSOL Multiphysics (v5.4) as 2D
axisymmetric domains, constructed using dimensions from STEM images of the
nanopipettes with the physics described using the Transport of Diluted Species,
Laminar Flow and Electrostatics modules. Briefly, E. coli were simulated as a non-
porous insulating charged surface to describe the interface with the outer membrane.
B. subtilis were simulated with a charge density applied to a volume which describes
the permeable and charged cell wall. The SICM scanning procedure was simulated in
full, with the approach simulated by steady-state simulation of different tip-substrate
separations with the approach bias applied (50 mV), followed by time-dependent
simulations of the potential pulse or potential scanning regime at the calculated

approach height and bulk retract height.

4.4.1 General Details and E. coli Model

A schematic of the FEM simulation domain is shown in Figure 4.6. The electrostatics,
transport of diluted species and laminar flow modules were used to model the
experimental system. All boundaries not specifically labelled (grey) were set as no
flux boundaries with no surface charges applied, and a no-slip flow condition was
applied these boundaries and the pipette walls (blue). The pipette walls (blue) had a
surface charge density of -30 mC/m? applied in all simulations, reasonable for
borosilicate glass in aqueous solution under the conditions of our experiments.” All
potentials stated herein were applied to the upper boundary within the nanopipette
(B1), positioned 1 mm above the base of the nanopipette, whilst B2 was held at

ground. The concentrations at B1 and B2 were set to [K*] = 50 mM, [CI'] = 50 mM,
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representing bulk solution in the nanopipette and bath. B2 was positioned 1 mm away
from the nanopipette opening laterally, sufficient to be considered bulk. The substrate
was defined differently depending upon whether it is modelling of the gram-negative

(Figure 4.6A) or gram-positive (Figure 4.6B) cell envelope.

Figure 4.6 Schematic (not to scale) of FEM simulation domain.

Figure 4.6A depicts the simulations used to describe the E. coli case, where the
substrate is treated as an impermeable charged insulator, therefore B3a (red) is set to

a no-flux condition with varied surface charge. The system describing the gram-

143



negative simulations was defined the following differential equations. The flux J of
each species i, was described by the Nernst-Planck equation:

Ji=-D,Vc,-ZF{1~ DiciV f +cU (41)
and the Poisson equation defined the electric potential f

V20 = - Xigg (4.2)
where Dizi and ¢ are the diffusion coefficients, charge number and concentrations of
species i and u is the solution velocity described below (Equation 4.3). F, R and T are
the Faraday constant, gas constant and absolute temperature (298 K), sis the dielectric
constant of the solution (78) and so (8.85 x 10-12F/m) is the vacuum permittivity. The
diffusion coefficients at infinite dilution for K+ (1.96 x 10-5cm2s) and Cl- (2.05 x 10-
5cm2s) were taken from the CRC handbook. These values are reasonable because of
the sufficiently dilute concentrations used and theself-referencing  nature of
experiments.8 The solution velocity was described by the incompressible Navier-

Stokes equation with electroosmotic flow (EOF) incorporated (Equation 4.3):

uVu =- (—=Vp +pvVau — ztct)VO0) (4.3)

4.4.2 B. Subtilis Model
The simulations for the gram-positive cell envelope of B. Subtilis were defined in a
similar way with some exceptions (Figure 4.6B). Instead of an insulating charged
surface, the substrate is defined as a permeable domain (D1 - purple) with a
concentration of fixed stationary negative charge (pf). The thickness of the cell wall
was estimated from cryo-TEM images (Section 4.12.8) and literature values.8
Therefore a thickness of 34 nm was used a but a range of values from 30-70 nm
were explored to examine the effects of the thickness of the cell wall. This domain is
bounded by an uncharged boundary below (grey) and a permeable interface above
(B3b) at which the chloride permeability was varied in order to assess the effect of
anion exclusion from the cell wall. The inclusion of a domain representing a
periplasmic space with the same physics as bulk was also examined, this was
introduced beneath the cell wall domain (replacing the no-flux boundary) and had
variable electrolyte concentration within. Two geometric configurations were used for

initial parameter testing; a flat cell wall domain and a sphere with diameter 1 |im as

144



shown in Figure 4.6B. The response of each were found to be similar, the glass-wall
approach distance and normalised currents were similar in each. However the sphere
model gave slightly higher responses which were closer to experimentally determined

currents and was considered to be more representative of the experimental conditions.

Figure 4.7 Cryo-TEM of B. subtilis.

Table 4.5 Parameters measured from Cryo-TEM images. Measurements of 12

cells, taken at 3 different points for each cell, these were used to parameterise FEM

simulations.
Cell Structure Range (nm) Mean (nm) STD (nm)
Whole Cell Wall 51-61 54.8 3.2
Cell Wall 31-40 34.0 3.2
Periplasmic space 12-16 14.6 1.4
Periplasmic membrane 7-10 8.3 1.2
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The Poisson equation (Equation 4.2) is still used to describe the potential,
however the total charge incorporates the stationary fixed charge within the volume
of the cell wall (fif).

V2<£=- —(pf +F(2t z2tQ@)) (4.4)

This model of the gram-positive cell wall as a soft polyelectrolyte layer is well
established in literature and has previously been used to calculate the Donnan potential
within the cell wall for various species. is similar to previous considerations of
interfaces in electrophoretic measurements.728 The charge density of the B. subtilis
cell wall has been calculated previously using electrokinetic theory, providing charge

concentration values (fif/F) of approximately 15-25 mM.& However this is highly

dependent upon strain, electrolyte composition, substrate, and pH so a wider range of
charges were examined.@ Varying the relative dielectric permittivity £ of the cell wall
from 78 to 20 (taken from literature electrostatic force microscopy measurements)8t
was found to have no effect upon approach or normalised currents.

The transport in all domains was described by the Nernst-Planck equation,
however within the cell wall domain (D1) the effective diffusion coefficients were
varied to be assess the effect of the tortuosity of the cell wall. The mobility of ions
within the cell wall was again defined by the Nernst-Planck equation however mobility
of each ion was considered within the cell wall by using an effective diffusion
coefficient (Def). Alteration ofthe diffusion coefficient in polyelectrolyte layers is due
to the tortuosity ofthe channels which form the free space ofthe layer or interaction
with the cell walls. Defwas calculated as a product of the diffusion coefficient in ideal
solutions (D) and a factor representing mobility within the wall ("waii). This factor can
be estimated by the Renkin equation& based upon the pore size of the B. subtilis cell
wall (2.12 nm)& and the hydrodynamic radius of ions.8 This gives probable values
for Haaii in the range of 0.5 to 0.75, however a wider range was explored.

The permeability ofanions in the cell wall was found to be an important factor
in simulations and the approach threshold of 2% was unobtainable with a fully
permeable model of the cell wall for reasonable values of Pf and Haaii, including full
contact between the cell wall and nanopipette. While approach was possible with
specific combinations of anion permeability and charge, applying the potential pulse
at these heights did not replicate experimental currents. Therefore it is assumed that

an anion permeable cell wall model does not provide a realistic representation. This is
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considered reasonable because anions would be more effectively excluded from the
cell wall than by simply solving the Poisson equation as the reduction of accessible
volume will create channels with high stationary negative charge and effective anion
exclusion is predicted in the literature.®? Therefore the exterior of the cell wall,
boundary B3b, was set to be impermeable to chloride and uwan was only applied to
potassium.

Electroosmotic flow is not incorporated into these simulations for a number of
reasons. Previous work on charge mapping simulations in have shown that EOF has a
negligible effect upon the simulated normalised current due to the self-referencing
nature of the experiment.!® Furthermore, the flow properties within the cell wall are

usually described by the Brinkman equation:3?
1
uvu =2 (—Vp +Ev2u - F (3, Zici)qu) (4.5)

where K is a permeability coefficient which represents the increase in stress due to
confinement, tortuosity, and interactions with the channel walls and is on the scale of
1017 for the bacterial cell wall.*7 This indicates that fluid flow is severely inhibited
within the cell wall and therefore is not expected to significantly contribute to the ionic
current response in SICM modalities.

First the experimental working approach distance between the nanopipette and
the surface was estimated by steady-state simulations with the boundary at the top of
the pipette (Boundary B1, Figure 4.6) held at Vo, the distances were taken from the
distance at which the ionic current normalized to the bulk current reached the
experimental approach set point of a 2% decrease from bulk current. Approach curves
for the . coli are presented alongside the corresponding images, approach height was
approximately 30 nm. Figure 4.8 shows the approach curve for simulations of B.
subtilis, with a calculated approach height of 20 nm independent of pf and pwai, this
corresponds to a glass-substrate separation of approximately 40 nm due to the

curvature of the bacterium.
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Figure 4.8 FEM simulations for functional mapping of B. subtilis. (A) Simulated
approaches to gram-positive cell walls of various charge density. (B) Example
simulated pulses of -500 mV at a wall with 100 mM charge density. (C) The effect of

cell wall thickness on simulated normalised currents.

Time dependent simulations of the 20 ms pulse were then performed by
stepping the voltage to Muise, using the corresponding steady-state approach
simulation as starting conditions for the simulation. The same procedure was
performed at the bulk retract height and the surface current normalised to the bulk
current (Figure 4.6A). For E. coli scans the surface charge was then varied to form a
calibration plot for surface charge against normalised current at 20 ms which was then
used to calibrate each image. For B. subtilis, the parameters explored were p f, "Waii,
membrane thickness, and the effect of the periplasmic space. The periplasmic space
was added as a domain with various configurations underneath the cell wall domain

(D1), the space charge density and electrolyte composition were the same as bulk and
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the interface between the two was modelled as both permeable and impermeable to
anions. Little is known about the periplasmic space of gram-positive bacteria, however
it is assumed to be an area densely packed with charge due to metabolic activity.3L8L
The concentration of mobile electrolyte ions was varied in this space and contributed
a small percentage to normalised currents when containing concentrations 10 times
that of bulk, suggesting that there could be an effect of transport across the cell wall.
However, considering the lack of information about realistic parameterisation of

transport into or out of this domain, this data has not been included.

4.5 Results and Discussion

To study local bioelectrical properties of the gram-negative and gram-positive
bacterial cell envelopes, SICM pulsed-potential and scanned-potential procedures
were applied to E. coli and B. subtilis. Detailed analyses of the bioelectrical response
of the bacterial cell envelopes to these perturbations were then performed through

FEM simulations.

45.1 Probing the gram-negative cell envelope: E. coli

Pulsed-potential SICM was first applied to live E. coli cells adhered to Cell-Tak in
50mM KCI electrolyte. The topographic map shows the bacterium to be ~2 *m in
length and ~1 jamin height (Figure 4.9a), and the surface charge map reporting surface
charge up to -140 mC/m2 (Figure 4.9b). The morphological features of the bacterium

concur with literature values and scanning electron microscopy images (Figure 4.10).8

Figure 4.9 SICM pulsed-potential scan of E. coli. (A) SICM topography and (B)
local surface charge (mC m-2 following FEM simulation of E. coli collected

simultaneously.
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Figure 4.10 Scanning Electron Microscopy (SEM) image of E. coli (wild type)
cell. Observed on carbon-laced copper TEM grids. EHT= 0.500 kV, Magnification

x37950.

The structure of the gram-negative cell envelope provides an interface which
is primarily an insulating lipid membrane (Figure 4.1). Therefore SICM scans of E.
coli were expected to behave in a similar way to previous reports of this technique
when applied to mammalian cells and lipid bilayers.175 This is supported by the
moderate range of normalised current values experimentally obtained (0.98-1.05,
Figure 4.11) from which surface charges were calculated by FEM simulations which
treat the surface as a charged insulator (Figure 4.6).19

A degree of variation can be observed over the bacteria with a strong
topographical correlation, in which the central apex of the bacterium generates a
higher normalised current than the curved edges. This differential response is likely to
partially be due to the asymmetric tip-substrate separation and resulting surface angle
and is generally higher in the regions corresponding most closely to a flat surface.®
However there are also possible biological origins, bacteria are known to alter their
external charge properties depending upon the substrate on which they sit and the
resulting distribution of this charge over the bacterial surface is not known.9 Charge
distribution heterogeneities are also clearly observed with the areas of the bacterium
with a similar topographical component, with variation between -80 and -140 mC/m2

over the central apex of the cell.
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Figure 4.11 E. coli pulsed-potential scan and simulations. (A) Optical micrograph
of the bacteria before scanning, scanned area is within the halo caused by the optical
properties of the nanopipette. (B) Normalised current for E. coli wild type pulse scan
(shown in Figure 4.9), taken from the end of the 20 ms pulse of -500 mV. (C)
Simulated approach curve, and (D) calibration curve from FEM simulations to

calculate surface charge from normalised current.

Non-topographic heterogeneities could be derived from the structure of the E.
coli bacterial cell envelope, the ultrastructure structure of which is comprised of an
outer membrane, underneath which is the periplasmic space containing the
peptidoglycan cell wall, followed by the inner membrane.9 E. coli outer membranes
are primarily insulating phospholipid bilayers interspersed with lipopolysaccharides
and proteins, forming a three dimensional structure with heterogeneous but generally
negative charge density which could contribute to the observed experimental
variation.34 Sub-cellular surficial heterogeneities have also been demonstrated in
adherence of E. coli to substrates, a phenomena which is highly dependent upon
surface charge.2 Among the outer membrane structures are the bacterial outer

membrane porins (Figure 4.1c), these channels are up to 2 nm in diameter and allow
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non-specific transport across the membrane, between the external environment and
the ion dense periplasmic space.”* However, due to the small pore size, net currents
through these are expected to be low unless local pore aggregation occurs, a
phenomena which has been reported.®5%

It is possible that ion transport through outer membrane channels could be
induced by the biases applied within the experimental framework. However,
depolarisation of this membrane is not considered to be likely due to the small voltages
actually applied to the membrane; due to the high resistance at the pipette lumen (on
the order of GQ), the large majority of the voltage drop is in the first few microns
within the pipette (Figure 4.12A).% The interfacial potential is therefore only altered
by -15 to -25 mV (Figure 4.12B), below the expected depolarisation potential of F.
coli 1on channels (~ -50 mV). This highlights the non-invasive nature of SICM
functional mapping, however it also suggests that depolarisation potentials are within
reach of SICM pulsed-potential measurements and could be exploited in further
studies.

Pulsed-potential measurements do not readily distinguish current enhancement
due to surface induced rectification from increased local ionic conductivity which
could have a number of sources at bacterial interfaces. Ionic fluxes from the surface
due to metabolic activity are also possible contributors to the electrochemical response
of the bacterial cell, with a large number of redox active complexes present in the cell
envelope.®” Bacterial metabolism is generally dependent upon generation of a proton
gradient by pumping of protons into the periplasmic space, there will be a gradient of
metabolic and homeostatic products in proximity to the bacterium. We expect the
contribution of this to be minimal due to the absence of a carbon source and the sub-
isotonic electrolyte concentration driving homeostasis towards ionic retention.”8%°
However, these factors could equally cause a certain degree of cellular stress which
has been shown to cause changes in the composition and charge of the bacterial cell
envelope. Some contribution to sub-cellular heterogeneities from complex biological
pathways and local ionic gradients cannot be ruled out but for the aforementioned

reasons we expect the response to be dominated by charge effects.
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Figure 4.12 FEM simulation of pulse-potential SICM measurements at charged
surfaces. (A) The [K+] (left) at the end of a -500 mV pulse for 20 ms at a -140 mC m-

2surface, with (right) the corresponding electrostatic potential. Note [K+] is presented
up to 57.5 mM due to the high concentrations in the double layer. (B) The potential
changes at differently charged surfaces relative to the equilibrium surface potential,

demonstrating a small charge dependent potential drop at the surface.

45.2 Scanned-Potential Measurements of Gram-negative E.coli Cells
SICM charge mapping capabilities can be further extended by employing a scanned-
potential protocol instead (Figure 4.13) of a pulsed one (Figure 4.3). Although

resulting in increased scanning times, it provides a greater depth of information about
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the system and local ion concentration which can potentially help to elucidate more
complex and dynamic processes. To further examine the origin of the currents and
observed heterogeneities in the pulsed-potential scans, scanned-potential experiments
were implemented in which i-V curves are generated following approach to the
substrate. The i-V curves provide more information than the i-f measurements which
report mainly that there is a relative increase or decrease in current without giving a
voltage dependency.

Figure 4.13 shows the results from the scanned-potential measurements, the
topography corresponds well to that observed in other scans (Figure 4.13A).
Normalized currents (Figure 4.13B and C) show clear differences between the bacteria
and adherent in both the positive and negative extremes of the i-V curve. The clear
contrasts correspond to an enhanced current when surface counterions are driven into
the nanopipette and a decreased current when the direction is reversed, indicating
surface induced rectification (SIR). This current decrease at positive potentials
demonstrates that the bacteria respond in a way similar to previous descriptions of
SIR.1190 Thig is reflected in Figure 4.13D which shows the surface i-V curves at
selected pixels over the bacteria and substrate. These i-V curves also demonstrate
deviation from rectification which can be induced by a concentration differential
between the inside and outside of the pipette as the high concentrations required would
prevent approach to the surface.!*! Figure 4.13D also shows smooth current changes
which indicate that voltage gating has not occurred as this would cause a sharp
increase in current once the depolarization potential is reached. This shows that
pulsed-potential current enhancements are not due to membrane depolarization, and

the current response can be attributed mainly to surface charge.
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Figure 4.13 Scanned-Potential SICM mapping of E. coli. (A) Topography and
normalised current maps of E. coli surface i-V curves at the extreme (B) positive and

(C) negative potentials, with (D) i-V curves at selected pixels.

4.5.3 Probing the gram-positive cell envelope: B. subtilis

We now consider experiments performed upon the gram-positive B. subtilis; typical
pulsed-potential SICM results are displayed in Figure 4.14 and the topography
corresponds well with microscopic images (Figure 4.16 - Figure 4.18). Normalized
currents (Figure 4.14b) are significantly higher than in the E. coli case (Figure 4.11),
this implies a high density of stationary negative charge at the interface and can be
attributed to differences in the structure of the cell envelope between the gram-
negative E. coli and the gram-positive B. subtilis (Figure 4.1). In this case, the
permeable and ion dense peptidoglycan layer is not shielded by an insulating
membrane and can therefore be a major contributor to the electrochemical response in
SICM experiments. Inter-cellular heterogeneity in both size and normalized current
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can easily be observed in Figure 4.14, this could have a number of causes, including
microenvironment, cell physiology,X® population variation, osmoregulation,8 and
differences in cell cycle stage.1B The same mechanisms could also underpin the sub-
cellular heterogeneities which can be observed across each cell.13% Accessing
information about these single entity heterogeneities demonstrate how powerful

scanning probe techniques are in the fields of biology and materials science.63

Surface Height g Normalized

Mm Current

Figure 4.14 SICM pulsed-potential mapping of B. subtilis. SICM topography (A)

and normalised current (B) of B. Subtilis (Dhag) collected concurrently.

4.5.4 Potential scans across gram-positive B. subtilis cells
Figure 4.15 shows the results of scanned-potential mapping for B. subtilis i-V curves
above the bacterium and above the substrate demonstrate similar results to those
generated due to surface induced rectification in the literature, indicating that the
increased normalised current in pulsed-potential SICM is not due to a general increase
in ionic strength near the cell.2LAlthough ruled out already due to the low electric field
at the pipette tip (Figure 4.12), the smooth rectification profiles provides further
evidence that voltage induced depolarisation is not occurring, and no voltage-
dependent ion transport mechanism is being gated by either the pulsed or scanned
protocol employed herein.

The normalized current maps also exhibit features which do not correlate with
the presence of bacteria in the topography map (Figure 4.14 and Figure 4.15), these
features are clustered around the bacteria and have a similar current response (however

typically to a smaller magnitude/less charged). This is attributed to a complex ion-
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permeable matrix secreted by the bacteria, broadly termed the EPS, which we hope to

further explore in future study.16107

Figure 4.15 Scanned-potential SICM maps of B. subtilis. (A) Topography and
normalised current maps of B. subtilis surface i-V curves at the extreme (B) positive

and (C) negative potentials, with (D) i-V curves at selected pixels.

EPS consists of polysaccharides, nucleic acids, lipids and polypeptides is
released by bacteria, 0718 and is reported to extend between several nanometres to
microns from the cell surface. The EPS is known to aid bacterial adhesion,1%is crucial
in the formation of biofilms,1®and can act as a nutrient trap.10 More recently the EPS
has been investigated to determine its electroactivity, in particular interest to the redox
activity components such as heme-binding proteins, cytochrome-c and
riboflavins. 106111

A coating of this substance explains the similar response between areas on the

substrate and the bacterium, it could also contribute to the more homogeneous sub-
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cellular response observed over B. subtilis compared to E. coli. It is worth noting that
the EPS layer can be also seen on SEM images taken from the bacteria where a clear
charged coating is observed over the cells (Figure 4.16 and Figure 4.17) and from the

fluorescence images using an EPS stain (Figure 4.18).

Figure 4.16 SEM of B. subtilis (Dhag). Observed on carbon-laced copper TEM
grids. EHT= 2.00 kV, Magnification x37800.

Figure 4.17 Scanning Electron Microscopy (SEM) image of B. subtilis (Dhag).
Observed on carbon-laced copper TEM grids. EHT= 2.00 kV, Magnification x5520.
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Figure 4.18 Confocal microscopy of B. subtilis (Dhag). Bacteria are stained with
Alexa Fluor 594 (red) and SYBR Green (green) to show the location of EPS and
bacteria, respectively.

4.5.5 Further studies into the cell envelope-solution interface

To de-convolute the response of the excreted substances from that of the bacterial cell
envelope, we used pulsed-potential SICM to investigate a mutant B. subtilis strain in
which the genes for the eps operon; critical for the biosynthesis of the EPS
exopolysaccharides have been deleted (B. subtilis NCIB 3610 - Deps, Asally lab)
(Figure 4.19).5 In these maps the normalised current is higher than when EPS
secretion is active (Figure 4.14 and Figure 4.15), indicating that the response was
actually dominated by the EPS layer which dampened the response of the cell wall
itself. However, it is also possible that the charge in the wall is actually higher in this
case due to knock on effects of the mutation or compensation for the lack of EPS by
other mechanisms to allow the function of pathways and systems in which it is

involved.
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Figure 4.19 Pulsed-potential SICM of a B. subtilis mutant with no EPS. SICM

topography (A) and normalised current (B) of B. subtilis collected concurrently.

45.6 FEM simulations of the gram-positive cell envelope

The FEM model for the gram-positive bacterial cell wall considered herein was
constructed as a semi-permeable domain with a homogeneous distribution of fixed
stationary negative charge, and parameterised using literature values (Section 4.12.6).
Parameters investigated that could influence the charge distribution were charge
concentration (pf/F), ion partitioning, effective diffusion coefficient (*vdD), cell
wall thickness, relative permittivity, and periplasmic ion concentrations. The majority
of these parameters did not contribute significantly to the ionic current and have
therefore not been extensively discussed.

The main contributors to the SICM response were the charge concentration,
ion partitioning, and effective diffusion coefficient within the cell wall. The
partitioning of Cl-into the cell wall had large effects upon approach simulations, the
ionic current approach threshold of 2% could not be obtained when CI- was able to
partition into the cell wall unless mobility of ions was extremely low (<0.5) or cell
wall charge concentration was extremely high (>100 mM). Pulse simulations at the
heights calculated by this method resulted in normalised current values below 1.01,
even when the pipette wall was in contact with the cell wall. Excluding CI-from the
cell wall allowed approach independent of charge density and K+ mobility due to the
increased effective resistance. This is considered a reasonable approximation as the
spatial constriction of charges in the polyelectrolyte channels would significantly
reduce partitioning of Cl-into the cell wall beyond that of the mean field model used,

particularly in relatively low electrolyte concentrations.62112113 Therefore anions
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would contribute only very small amounts to the ionic current through the cell wall,
we do however acknowledge that this affects the calculated electrostatic potential
arising from the Poisson-Nernst-Planck model applied within the cell wall compared
to some other theoretical considerations of the cell wall.®® Electrokinetic
measurements have estimated the fixed charge concentration in the B. subtilis cell wall
to be closer around 20 mM, 1% however this is based upon theory which ignores the
effects of nanochannels upon partitioning.!'> These simulations suggest that the cell
wall is more ion selective than previously considered and the Donnan potentials
generated at approximately 100 mM do correspond to expected potentials in the cell
wall (Figure 4.20). However, given the uncertainty in the transport phenomena within
the wall these simulation results should primarily be taken as demonstrative of
contributions from the possible effects in this system.

Figure 4.20A demonstrates the potential at different phases of the scanning
procedure, showing that the interior of the cell wall reaches the Donnan equilibrium,
the total potential across these interfaces is -17.5 mV for the unperturbed cell wall, -
19.0 mV with approach potentials applied, and -9.4 mV when the pulse potential is
applied. This is a result of the potential actually applied to the surface after the
potential drop over the length of the nanopipette, also demonstrated in Figure 4.12, at
the approach bias this potential is 2.16 mV, while at the pulse potential this is
approximately -21 mV. This perturbation drives a flux of ions from the cell wall which
increases the local ionic conductivity, resulting in the increased normalised currents
shown in Figure 4.20B. The resulting [K*] is shown in Figure 4.20C and the potential

distribution caused by the perturbation and resulting ion flux is shown in Figure 4.20D.
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Figure 4.20 FEM simulations of the pulse-potential SICM at the gram-positive
cell wall with charge concentration of 100 mM. (A) The potential gradient across

the cell wall interface (along the axis of rotational symmetry, shown as a dashed line
in C and D) with the externally applied potential subtracted. Potentials shown for the
unperturbed cell wall (blue, pipette 2 pm away), the pipette at the approach distance
of 20 nm with the approach potential of +50 mV applied (orange), and at the end of
the -500 mV pulse (yellow). (B) Normalised current plotted for combinations of  veu
and Pf/F showing diminishing normalised current feedback outside of expected
physiological values. (C) [K+] distribution and (D) potential gradient at the approach
potential (left) and end of the pulse (right).

The normalised currents observed in Figure 4.20B do not correspond to the
experimental normalised currents for the Deps or the Dhag cell wall. The apparent
logarithmic dependency of the normalised current upon Pf/F and y,ve&Jdemonstrates

that these values cannot be reached by simply increasing each one and therefore there

must be variables which have not been accounted for in this configuration of the
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model. Modifying the cell wall thickness (Figure 4.8) causes only minor changes in
the simulated normalised currents, suggesting that the technique is mainly sensitive to
the interfacial region of the bacterial cell wall. These data suggest that the charge
distribution could be an important factor; the interface appears to dominate the
response and an enrichment of the charge concentration at the interface would increase
the normalised current response. This fits with more detailed views of the bacterial
cell envelope as they typically include charged components beyond those involved
directly in the cell wall. Fixed glycoproteins and teichoic acids are present (Figure
4.1), and can be extremely densely packed as in the case of an S-layer,''® this is
alongside secretions which may be adhered to the cell surface.1°”1*° The cell wall also
acts as an ion-selective membrane between the periplasm and the external
environment, while the exact composition of the periplasm is unknown, it is likely to
be charge dense. It is also responsible for the membrane potential which is used to
generate ATP through the proton motive force generating a flux of protons back
through the membrane, therefore containing a high concentration of highly mobile
charge.1”118 The flux of 1ons from the periplasm across the cell wall could therefore
contribute to the high currents observed herein.

The main models currently used to describe the bioelectrical properties of the
cell wall are insufficient to describe the ion-current response observed in SICM. This
indicates that a more complex view of the cell wall must be considered for meaningful
interpretation of ion currents at the gram-positive interface. Various components of
the bacterial system must be considered which cause charge inhomogeneity within the
cell wall for example the existence of S-layers, extracellular polymeric substances,
periplasmic contents, and excreted metabolites. The view of a relatively homogeneous
cell wall is derived from bulk measurements, causing population and spatial averaging
of the response, which must be considered in future work to capture the complexity of
the bacterial cell envelope. SICM measurements reported here demonstrate the power
to assess individual entities and better understand the charge distribution of a single
cell, providing information which can be used to validate models, direct future studies,
and help to build a more comprehensive bioelectrical view of the bacterial cell

envelope.
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4.6 Conclusions

The ability to interrogate the surface of live bacterial cells by employing different
SICM potential scanning protocols is demonstrated. The data collected provide a
wealth of information which can be used to assess and verify models of the bacterial
cell envelope while also providing information on inter-cellular and sub-cellular
heterogeneities. From our findings it is clear that the simplistic view of the cell
envelope adopted enlarge is not sufficient to describe the charge nature of the bacterial
cell wall and further developments on more comprehensive models are required. A
more thorough understanding of the bioelectrical response at the interface of bacterial
cells and their environments will benefit a broad range of research areas including
bacterial adhesion, antibiotic resistance, and biofilm formation, with a significant
impact on life science research and development. The proven ability of SICM to probe
charged interfaces with sub-cellular resolution now extends to live bacterial samples

and is a key tool towards further development in these fields.
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5 Conclusions and Outlook

SICM is a powerful technique which is able to access nanoscale information about the
properties and processes at surfaces and interfaces. The work presented in this thesis
builds upon SICM functional mapping techniques to facilitate the application of them
to complex interfaces. The combination of experimental information with FEM
modelling has been used to provide further understanding of the mechanisms which
contribute to the SICM functional mapping response across a range of interfaces.

Chapter 2 presents an extensive study of the effects of substrate charge and
reactivity upon EOF in the SICM regime. This improves understanding of the
application of SICM delivery methodologies which employ EOF to control the flux of
delivered species from the nanopipette. EOF at the tip-substrate interface was shown
to be heavily influenced by the surface charge of the substrate at close approach
distances, while larger tip-substrate separations result in less localised delivery. The
effects of this and the surface reactivity were shown to influence delivered quantities
during holding procedures. During delivery pulses the EOF was extremely dependent
upon the surface charge, resulting in surface induced flow separation which has not
previously been described. While this flow separation may not be as extreme in all
cases, the effects upon delivery of neutral species are significant.

These factors are new considerations for SICM delivery protocols which have
mostly assumed the fluxes from the nanopipette to be independent of the surface
properties. SICM delivery protocols are generally applied to cells at which the local
surface charge and surficial uptake is known to be heterogeneous and could therefore
affect delivered quantities. This methodology is increasingly being applied to other
substrates such as electrodes and catalysts for which accurate determination of local
heterogeneous rate constants are important. Therefore, these new considerations are
important when designing and interpreting SICM delivery experiments.

Future work in this area should incorporate surface charge for quantitative
simulations of neutral species delivery and could be used for simultaneous surface
charge and reaction mapping. This work also shows that the transport across the
surface is important, diffusional broadening is significant and characterisation of the
system may allow more information to be acquired. Further analysis of the ionic and

substrate current transients during and after delivery could also be used to provide
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information about the local transport and reactivity. With improvement of the
sensitivity of detection in the ion current, the changes in local ionic conductivity due
to surface reactions could be measured and quantified through the normalised ionic
current. This would require scanning of the same sample without the neutral species
present to control for differences in surface charge.

Chapter 3 builds upon delivery procedures for the controlled delivery of
protons to induce dissolution of a surface while simultaneously tracking the resulting
topographical changes. FEM simulations have proven valuable in understanding the
underlying processes involved in the simultaneous dissolution and tracking of a
surface. This has allowed calculation of the effective heterogeneous rate constants for
the resulting dissolution reaction under different conditions. Comprehensive
consideration of the reactions occurring allows the resulting buffering and fluxes from
the surface to be taken into account. We have shown that the DM-SICM feedback is
relatively insensitive to these processes allowing accurate tracking of the surface by
maintaining tip-substrate separation. The high sensitivity of the DM-SICM feedback
to the surface position and the control over proton delivery means that it can be tuned
to track etching over a wide range of rates, from mainly surface sensitivity to rates
limited by surface kinetics.

The power of this surface etching technique has been shown by the
determination of the effects of different surface treatments upon effective
heterogeneous rate constants for enamel dissolution. Combining this technique with
other multifunctional or correlative microscopy techniques could allow for
understanding of the underlying causes of the observed heterogeneities in this system.
Linking the heterogeneities in the enamel response to the properties of the system
could be possible through measurement of the relative hydroxyapatite and protein
contents of individual sites. This technique is incredibly effective for nanoscale
measurements of the dissolution process and could be applied to a wide range of
complex substrates. Considering the flexibility of solutions with which the nanopipette
can be filled, this could be used to investigate the dissolution of pharmaceutical
formulations by biologically relevant solutions. It could also be possible to measure
the response of metals to accelerated localised corrosion with the metal substrate
grounded or at defined potentials or to deliver solutions to actively induce and track

crystallisation.
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The application of multiple functional SICM mapping methodologies to live
bacteria was achieved in Chapter 4 to map of the bacterial bioelectrical response at the
nanoscale for the first time. The underlying processes of the SICM response at live
microorganisms has a wide range of possible contributing factors and FEM
simulations were used to assess the underlying contributions. The strength of the
SICM functional mapping perturbation to the surface was calculated by FEM and
through this the expected effects upon substrate could be assessed. [t was shown that
the response at gram-negative bacteria is likely to be largely dominated by the surface
charge due to their insulating outer cell membrane. Through these considerations the
non-invasive nature of SICM functional mapping was demonstrated and it was
indicated that significant perturbations could be generated if required to access more
information from the substrate.

Gram-positive bacteria represent a much more complex challenge due to the
large number of factors which contribute to the ionic currents through and near the
cell envelope. The effects of mobility and charge density were shown to be insufficient
to explain the bioelectrical response of the gram-positive cell wall. This suggests that
more complex considerations of the gram-positive cell envelope are required to
explain the response in SICM functional mapping, and that there is more to learn about
the structure and function of the gram-positive cell envelope. This demonstrates the
power of combined SICM methodologies supported by extensive theoretical
consideration of the interfacial response.

SICM delivery and charge mapping could be combined to examine the effects
of drugs or antibiotics upon the surface charge. This could also be combined with
SECM measurement techniques to allow the simultaneous measurement of
metabolites. In order to further understand the mechanisms underlying the SICM
response of gram-positive bacteria it is necessary to further understand the system.
Understanding of the SICM response at more simple polyelectrolyte materials would
allow the flow characteristics in charged permeable layers to be properly characterised
and then applied in more complex systems like the ones herein. This could be achieved
with 3D SICM by measuring the ionic current response at multiple set distances from
the surface, especially if a porous polymer of known charge density could be used.
Similar information could be gained by using SICM-SECM, delivery of a fluorescent

dye into the material, or by delivery-collection methodologies similar to Chapter 1
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with permeable layer on top of an electrode. To fully understand the possible
topographic effects of the bacterial cells upon the SICM response it is also necessary
to build three-dimensional FEM simulations. The bacterial cells themselves could also
be manipulated through the use of mutants or drugs to regulate the metabolic state of
the bacteria to elucidate the contribution of 1onic fluxes.

In summary, this work extends the application of SICM functional mapping to
more complex substrates, providing methodologies and frameworks for the
implementation of SICM functional mapping in real-world systems. In these systems
combined experimental and theoretical approaches are invaluable for deconvoluting
the underlying mechanisms. The multifunctional mapping capabilities of SICM can
be used to provide complementary information which allows further understanding of
interfaces in sifu. This is shown to be extremely useful for investigation of a variety
of medically and commercially relevant interfaces, with scope for expansion into a
variety of disciplines. The continued development of this powerful, multifunctional
mapping technique is a growing field which has a wide range of applications which

are beginning to be realised.
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