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The Study of Peptide Ion Channels by Electrochemical Techniques

Thomas James Jackson

Abstract

The synthesis of the gramicidin A (gA) analogue gram-2-(nicotinamido)ethyl carbamate
(8AN) has been performed. Like gA itself, monomers of the nicotinamide analogue
und'ergo self-assembly in lipid membranes to form K' selective transmembrane ion
channels. Scanning electrochemical microscopy (SECM) has been used to ‘monitor the

movement of permeable ions across these channels under a range of physiological

conditions.

Feedback curve results suggest that K ions only pass across the channels when a
certain external potential, referred to as the switching potential, is applied to the
membrane. This implies that ion transport in the system is controlled by the redox
properties of the nicotinamide sub-unit, which acts as a pendant able to occlude the
channel opening in the ‘ball and chain’ model of inactivation. Chronoamperometric
measurements demonstrate that the gAN channel can be repetitively cycled between the
opened and closed states. This controllable, predictable switching behaviour has

possible applications in membrane transport and drug delivery systems.

The permeability of gAN channels to TI" and Eu®* ions has also been tested by cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) with gold
electrode supported lipid bilayers. Results indicate that the channel is permeable to the
TI" ion although not to the multicharged Eu** ion, whiéh is believed to bind occluding
the channel entrance. It was also possible to directly monitor the passage of TI" ions
across the gAN channel by using Prussian Blue as a dual-purpose electrolyte and

electrochromic indicator.
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List of Symbols and Abbreviations

Below are listed some of the common symbols and abbreviations used throughout this

work. It is not an exhaustive list — any other symbols or abbreviations will be defined as

and when they occur in the text.

The usual unit is that commonly used in electrochemical measurements, If a different

unit is used in a particular case this will also be indicated in the text.

Symbol Meaning Usual Unit
A Generic reactant
Area cm?
a Radius of tip metal disc in SECM pum
Generic product
C Capacitance F
Cor Double-layer capacitance F
[X] Bulk concentration of species X mol cm™
[X]x=0 Surface concentration of species X mol cm™
D Diffusion co-efficient cm?s!
d Tip-sﬁbstrate distance in SECM pm
E Electrode potential A%
Electric field strength Vem'!
E° Standard electrode potential A%
Er Fermi level eV
E, Potenﬁal of zero charge \"/
e Elementary charge 1.6022 x 107 C
e Electron
F Faraday constant 96485.4 C mol”
[ Frequency 5!
G Gibbs free energy J mol™
G° Standard Gibbs free energy J mol’!
i Current A
J Flux mol cm™ 7!
K Equilibrium constant



kg

ks

kO

_Q

% ™ QN

)

Boltzmann constant

Heterogeneous rate constant of forwards
(oxidation) reaction

Heterogeneous rate constant of backwards
(reduction) reaction

Standard heterogeneous rate constant
Normalised tip-substrate distance in SECM
(L =d/a)

Avogadro’s number

Stoichiometric number of species

Generic oxidised form of an electroactive
species 4

Charge

Charge

Generic reduced form of an electroactive
species

Molar gas constant

Resistance

Charge-transfer resistance

Radius of tip shield in SECM

Radius of electrode

Absolute temperature

Time

Mobility

Scan rate

Frequency

Distance from working electrode surface
Real contribution towards impedance
Imaginary contribution towards impedance
Stoichiometric charge

Transfer co-efficient

Esin-Markov co-efficient

Diffusion layer thickness

Permittivity

1.38066 x 102 JK'!

cms’!

mol!

8.31451 JK! mol
Q
Q
pm
cm
K
S
em? V!l
Vs!
S-l
cm

Q
Q

cm
CN'm?



SIS T
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g © %

Abbrey.

AFM
Ala
BLM
CA
CD
CE
cv
DPV
EIS
gA
gAN
gD
gE
HMDE
IHP

OHP
PB
PC

PTE

Permittivity of a vacuum

8.854 x 102 C N m?

Zeta potential A%
Overpotential \Y2
Phase angle rad
Wavelength m
Chemical potential J mol’!
Surface charge density Ccm?
Time period ]
Work function eV
Electrostatic potential \%

Frequency rad s

Meaning

Atomic force microscopy

Alamethicin ‘

Bilayer lipid membrane
Chronoamperometry

Circular dichroism

Counter electrode

Cyclic voltammetry

Differential pulse voltammetry
Electrochemical impedance spectroscopy
Gramicidin A '
Gram-2-(nicotinamidyl)ethyl carbamate
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Hanging Mercury Drop Electrode

Inner Helmbholtz plane

Normal pulse voltammetry

Outer Helmholtz plance

Prussian Blue

Phosphatidylcholine
Phosphatidylthioethanol
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PzZC

RG
SAM
sBLM
SECM
UME
uv
WE

Potential of zero charge

Reference electrode

Shield / tip ratio in SECM
Self-assemble monolayer

Supported BLM

Scanning electrochemical microscopy
Ultra microelectrode

Ultraviolet

Working electrode
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Reasons for research
In recent decades synthetic ion channels have attracted considerable attention as

nanoscale device candidates!*’

and the catalysis of ion movement across lipid
membranes has been achieved in several synthetic systems.** It is desirable to be able to
control this activity by modulating the flow of ions in a predictable manner. Such

modulation can be achieved by engineering the channel structure.®

Gramicidin A (gA) is a naturally occurring 15-residue polypeptide produced by the soil
bacteria Bacillus brevus. It is composed of alternating D- and L- amino acids, and forms
monovalent cation-selective channels in bilayer lipid membranes (BLMs). The gA
molecule possesses an N-terminus formyl group and C-terminus ethanolamine group. A
channel is formed when two gA monomers come together in either an entwined double
helix (DH) arrangement or head-to-head (N-ferminal-to-N-terminal) helical dimer (HD)
arrangement. Recent reports indicate the HD form is the principle conducting structure.

The internal pore diameter is 3 - 4 A and the channel length ~ 26 A.”

The structure of gA has been well characterised by both solution-® and solid-state
NMR,’ circular dichroism (CD)!° and X-ray crystallography.'""'>!> The gA channel is
blocked by divalent cations.'* CD studies show no change in conformation when gA
channels are treated with divalent cations.” This seems to preclude an allosteric

blocking mechanism, and implies a simple steric obstruction of the channel lumen.

The high level of characterisation, understanding of the mode of ion transport and
possibility of C-terminal functionality make gA an ideal template for the development
of a system of tuneable ion flow. In previous work thermal ‘gating’ properties were
conferred on gA channels by functionalising the C-terminus with a carbamate-tethered
amine group.® In the modified channels the pendant amine groups were located at either
end of the pore and were able to move freely within the limit of their tether. Depending
on the temperature the amine groups were either positioned in free space or so as to
occlude the channel openings, thereby blocking the passage of K' ions. Four

conductance levels were determined, corresponding to the cis / trans configurations of

-18-



Chapter 1: Introduction

‘the pendant amines on opposite sides of the membrane. Using the same methodology it

should be possible to functionalise the C-terminus with some redox active group that
will confer potential-dependent opening-closing properties on the gA channel. Such

molecular assemblies should find a practical use in membrane transport and drug

delivery systems.

In the past patch-clamp'® techniques have been used for the study of peptide ion
channels.!” This method, whereby a fine electrode is either touched on or through the
membrane under investigation, allows the determination of channel currents. Patch-
clamp techniques have successfuliy been used in the determination of the conductance
levels of the voltage-gated Na' channel,'®'® but even recent refinements of the
technique (such as the pe;férated patch)® have the obvious drawback that they are
invasive and potentially destructive making it difficult to obtain successive data from

the same substrate.

Contrast patch-clamp with scanning electrochemical microscopy (SECM)21 that is, 6n
the whole, a non-invasive technique although penetration mode measurements can be
obtained at various depths in a soft substrate. In SECM a UME is positioned in close
proximity to the substrate, approximately 2 or 3 tip diameters from the substrate surface.
A potential is applied to the tip, which is then moved relative to the substrate and the
current response recorded as a function of tip-substrate position. The micrometer
geometry of the tip allows high resolution topographical images to be obtained in lower

concentration, higher resistance electrolyte solutions and under ambient conditions.
These characteristics lend SECM and other non-invasive electrochemical techniques to
the study of novel peptide ion channels, with the ultimate goal of developing redox

controllable nanoscale devices.

1.2 Aims of research

The aims of the research presented in this thesis are:

(@) - The design and synthesis of a novel gA analogue with controllable, potential-

dependent channel switching properties.

-19.



Chapter 1: Introduction

(b) To test the potential-dependent switching properties of the membrane-bound
channels by using the non-invasive technique of SECM. Also to observe the
effect on channel conduction, if any, of varying electrolyte conditions.

(c) To observe the permeation, if any, of the redox active ions TI" and Eu>* through

the gA and gAN channels by using a combination of SECM,; CV and EIS.

1.3 Overview of this thesis

Chapters 2 and 3 give an introduction to the underlying electrochemical principles and
techniques used and peptide chemistry that will be the foundation of this investigation.
Chapter 2 considers in some detail the structure and properties of the electrode surface
interfacial region, the mass transport of electrolyte to the surface and kinetics of the
heterogeneous reaction when it arrives there. This chapter also focuses on cyclic and
pulse voltammetljy, chronoamperometry, scanning Kelvin nanoprobe microscopy
(SKN), electrochemical impedance spectroscopy (EIS) and scanning: electrochemical
microscopy (SECM) - the non-invasive techniques used to characterisg peptide ion
channel behaviour later on. The role, spectral, structural and functional properties of gA
and alamethicin are discussed in detail in . Chapter 3. In gAN the C-terminal
ethanolamine of gA is functionalised by the addition of an NAD unit. This means it is
also pertinent to discuss the redox processes of the introduced NAD(P)/H unit because

of its bearing on the synthetic channel’s conduction properties.

Chapter 4 goes on to consider the design, synthesis, characterisation and purification of
gAN. This nicotinamide-modified peptide was designed as a likely contender for the
‘ball and chain® model of channel inactivation proposed by Armstrong and

Benzanilla.??

Chapter 5 explains how the SECM feedback curve technique was used to investigate the
passage of ions across gA and gAN channels in a variety of electrolyte conditions.
Feedback curves were obtained by lowering the UME tip close to peptide treated
supported lipid membranes, applying a potential and then gradually retracting the tip as
the current response was monitored. The current trend is characteristic of the membrane
conducting / insulating behaviour. The affect on the feedback curve current of different
membranes was observed when K was substituted for N(CH4)" in the supporting

electrolyte. Feedback and UV measurements were also used to monitor the passage of
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TI" ions across gA and gAN channels. These experiments were performed in Prussian

Blue which would serve as a dual-purpose electrolyte and electrochromic indicator.

In Chapter 6 chronoamperometry was‘ used to observe the potential dependent open-
closed switching of the membrane inserted gAN channels immersed in a range of
electrolyte solutions. The electrode potential was switched between channel open and
channel closed extremes, as determined by the earlier SECM .feedback curve
measurements. CV experiments were performed in order to observe the passage of TI"
ions across both gA and gAN peptide channels. This was achieved by the use of gold
(electrode) adsorbed bilayers, treated with the peptide of interest and immersed in either

K or TI" electrolyte solution.

The final experimental chapter, Chapter 7, provides details of SKN scans of gold-
adsorbed bilayers treated with the peptides of interest. The contact potential differences
(CPD) of the different lipid environments were measured and compared. As with the
earlier CV measurements, EIS data was collected using gold (electrode) adsorbed
bilayers, treated with the peptide of interest and immersed in either K* or TI" electrolyte
solution. In the case of gAN-treated supported bilayers the working electrode was
biased at channel open and channel closed extremes and Nyquist and Bode plots
obtained. Data was also collected with gA-treated supported bilayers under otherwise
identical conditions. The charge transfer resistance, Rcr, and double layer capacitance,
Cpr, of each electrode treatment was calculated. It was also possible to calculate the

coverage of the electrode under each experiment condition.

1.4 References

1. C. J. Stankovic, S. H. Heinemann, J. M. Delfino, F. J. Sigworth and S. L.

Screiber, Science, 1989, 244, 813

M. J. Pregel, L. Jullien, J. M. Lehn, Angew. Chem. Int. Ed, Engl., 1992, 31, 1637

M. R. Ghadiri, J. R. Granja and L. K. Buehler, Nature, 1994, 369, 301

N. Voyer, J. Am. Chem. Soc., 1991, 113, 1818

K. S. Akerfeldt, J. D. Lear, Z. R. Wasserman, L. A. Chung and W. F. DeGrado,

Acc. Chem. Res., 1993, 26, 191

6. G. A. Woolley, A. S. I. Jaikaran, Z. Zhang and S. Peng, J. 4m. Chem. Soc.,
1995, 117, 4448 ’ '

7. O. S. Smart, J. M. Goodfellow and B. A. Wallace, Biophys. J., 1993, 65, 2455

A. S. Arseniev, 1. Barsukov, V. F. Bystrov, A. L. Lomize and Y. A.

Ovchinnikov, FEBS Lett., 1985, 186, 168

9, R. R. Ketcham, K. -C. Lee, S. Huo and T. A. Cross, J. Biomol. NMR, 1996, 8, 1

Snhwn

(=

-21-



Chapter 1: Introduction

10.
11.
12.
13.

14.
15.
16.
17.
18.
19.

20.
21.

22.

W.R. Veatch, E. T. Fossel and E. R. Blout, Biochemistry, 1974, 13, 5249
B. A. Wallace and K. Ravikumar, Science, 1988, 241, 182
D. A. Langs, Science, 1988, 241, 188

B. M. Burkhart, R. M. Gassman, D. A. Langs, W. A. Pangborn and W. L. Duax,
Biophys. J., 1998, 75, 2135 ,

E. Bamberg and P. Lauger, J. Membr. Biol., 1977, 35, 351

K. He, H. W. Huang and Y. Wu, Biophys. J., 1991, 59, 318a

A. L. Hodgkin and A. F. Huxley, J. Physiol., 1952, 117, 500

O. P. Hamill, A. Marty, E. Neher, B. Sakmann and F. J. Sigworth, Pfliigers
Arch., 1981, 391, 85

H. Lerche N. Mitrovic, V. Dubowitz and F. Lehmann-Horn Ann. Newrol.,
1996, 39, 599

N. Mitrovic, A. L. George, R. Heine, S: Wagner, U. Pika, U. Hartlaub, M. Zhou,
H. Lerche, C. Fahlke and F. Lehmann-Horn, J. Physiol., 1994, 478, 395

R. Horn and 8. J. Korn, Methods Enzymol., 1992, 207, 149

A. J. Bard, G. Denuault, C. Lee, D. Mandler and D. O. Wipf, Adcc. Chem. Res.,
1990, 23, 357

C. M. Armstrong and F. Bezanilla, J. Gen. Physiol., 1977, 70, 567

-2



Chapter 2: Electrochemical Principles and Te echniques

Chapter 2

Electrochemical Principles and Techniques

2.1 The interfacial region

2.1.1 General overview

The region where the electrolyte solution meets the working electrode (WE) surface is
known as the interfacial region. The structure of the interfacial region is of interest as it
is the location of electron-transfer processes at the WE surface. The interfacial region
can be further sub-divided into the electrolyre double-layer and the space-charge
region. The electrolyte double layer exists in solution in the immediate proximity of the

WE surface. The space-charge region exists within the WE itself.

The electrode-electrolyte interface can be considered as the two parallel plates of a
capacitor. Changes in WE potential result in the accumulation or depletion of charge on
the opposing plates. The ability of the interface to store charge is known as the
capacitance, C. In the case of a small change in charge density arising from a small
change in potential, the differential capacitance, Cy, is given by:

oo ¢))

m

OE

d

where o, is the excess charge density on the metal electrode surface. The potential at
which the electrode charge density equals the solution charge density at the electrode
surface, 0, = o5 = 0, is known as the potential of zero charge (PZC). The PZC, E., is

also shown as the minimum on a plot of g, against E.

As the value of Cy varies with potential, it is sometimes more appropriate to consider

the integral capacitance, C;. C; is the average of C, over the potential range E,; <E.

o @)
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2.1.2  Electrolyte double-layer

2.1.2.1 Initial proposal: the Helmholtz model

The double layer model proposed by H. L. F. von Helmholtz considers ions as hard
spheres in vsolution.l’2 The hard spheres arrange on both the solid and liquid side of the
interface and the charge-charge interactions are confined to this immediate region only.
The arrangement of the charges is similar to that in a parallel plate capacitor: one plate
is the metal-solution interface and the other the rigid arrangement of oppositely charged
ions at the electrode surface. The thickness of the double-layer, xg, is equal to fhe ionic
radius of the surfaced-ordered ions. The potential' difference, E, and differential

capacity, Cq, across the double-layer is given by:l’2

My | 3)

E=
Ey&
c, =2 5E @)
E x4

where o is the uniform charge density on the WE surface, & the permittivity of free
space (8.854 x 102 C2 N'! m™) and ¢ the permittivity of the capacitive layer, which is

assumed to be independent of distance.

One shortfall of the Helmholtz model, as incorrectly implied in equation 4, is that C is a
constant for a given electrode-electrolyte combination. In reality the thickness of the
double-layer and capacitance depends on the. electrode potential and electrolyte
concentration. The model also incorrectly assumes: firstly, that the double-layer is
confined to the region immediately above the WE surface and does not extend further
into the electrolyte: secondly, that the double-layer ions are unpolarisable, unsolvated

point charges.

2.1.2.2 The Guoy-Chapman model (1913)

The effects of electrolyte concentration and potential on double-layer capacitance were
first taken into account by Guoy and Chapman.>* Contrary to the Helmholtz idea of a
rigid arrangement of ions at the- WE surface, this model proposes variable double-layer
thickness with the presence of a compact-layer of ions near the electrode and a diffuse-
layer towards bulk solution. The sparsity of ions in a dilute electrolyte means the

diffuse-layer is thicker than in a more concentrated solution. Conversely, the abundance
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of ions in a concentrated electrolyte causes compression of the compact-layer. The

distribution of electrolyte ions at a certain distance from the electrode surface is given

by the Boltzmann equation:

n, =n, exp[

zed, | ®)
k,T

$s=0-9, (6)

where n,.o is the number of ions i in bulk solution, z the charge on ions 7, ¢ the

electrostatic potential at a certain point in the solution, e the electronic charge, kp the

Boltzmann constant and T the Kelvin temperature,

Guoy énd Chapman went on to consider the charge density of successive lamellae of

solution extending out from the electrode surface. The charge density at distance x from

the electrode is given by:

7
p(x):Zn ze= Zn eexp( p ¢A] @

Vi

8$s(x) __ p(x) | ®)

2
Ox £,8,

The Boltzmann and Poisson equations (equations 5 and 8) can be combined to form the

Poisson-Boltzmann equation:

Further integration and rearrangement of the Poisson-Boltzmann equation eventually

leads to the Guoy-Chapman equation for double-layer capacitance:>*

¢, =09 _ (275 en]) (28, (0
8, k,T 2k, T
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Although the Gouy-Chapman model improved on Helmholtz’s work it still didn’t match
with experimental data, particularly at very small and large distances from the electrode
surface. A significant failure of this model is that ions are still considered as point
charges that can approach infinitely close to the electrode surface. In reality, the
approach of the ions is limited by their radius. The model is only effective at an

electrode potential close to the PZC.

2.1.2.3 The Stern model (1924)

Stern, in agreement with Guoy and Chapman, considered that the double-layer consisted
of an ordered compact-layer of ions near the electrode, which became increasingly
diffuse out towards bulk solution. Stern combined the Helmholtz model for potentials
far from E. with the Guoy-Chapman model for potentials closer to E..> The overall
capacitance of the interface is considered to be a combination of Helmholtz and Guoy-

Chapman capacitors in series:

11 1
Cd Cd,H Cd,GC

gy, i (12)
Cu & 2¢,6,2%e’n’ cosH 2a0
T ) 2 r

The plane between the compact and diffuse layers is known as the outer Helmholtz
plane (OHP),

2.1.2.4 The Graham model (1947)

Graham proposed the presence of specifically adsorbed ions at the electrode surface.’
Specifically adsorbed ions are either partly or fully unsolvated and are bound directly to
the electrode surface. They can have either the same or opposite charge as the electrode,

. but are attracted much more strongly than their solvated counterparts.

The extent of specific adsorption is dependent on the electrolyte concentration and
effects E.. Variation of E, with concentration is known as the Esin-Markov effect.’
Under Esin-Markov conditions a plot of E, against the natural logarithm of the
electrolyte activity is linear. The slope gives the Esin-Markov co-efficient, 8. An

example Esin-Markov plot and data are shown in Table 1.
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gt 0B | _(Z2E, (13)
RT a ln asalt o alusall o
Table 1. Potassium iodide: an example of iodide specific adsorption.
[KI/ M E/V vs. SCE 2
1.0 - -0.82 , 0
0.1 -0.72 0.9 295
©
0.01 -0.66 £ -4
0.001 -0.59 %7
-8 -
E,JV

Specific adsorption of anions is indicated by a decrease in E, with concentration
increase. Specific adsorption of cations is indicated by an increase in E; with

concentration increase. No specific adsorption is present if p=0.

The imaginary plane that passes through the centre of the specifically adsorbed ions is
known as the inner Helmholtz plane (IHP).

2.1.2.5 The Bockris, Devanathan and Miiller model (1963)

The Bockris, Devanathan and Miiller model consolidates many of the ideas of the
previous models, but also considers the effect of solvent on the interface.f As the
concentration of solvent is much greater than that of solute there will be a predominance
of solvent molecules at the interface. In the case of a polar solvent, the molecular
dipoles arrange at the charged electrode surface. Specifically adsorbed ions are also

present with the solvent in the IHP.

The layer after the IHP comprises an ordered arrangement of non-specifically adsorbed
ions, which remain solvated. This is the OHP. The diffuse-layer comes after the OHP.
At a certain distance from the electrode the ordering of the ions fails. The potential of

this plane is known as the zeta potential, &
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2.1.3 The space-charge recion

In metals the space charge region is very narrow and consideration can be confined to
the movement of electrons to and from the metal surface. There are several useful
reviews about band theory and conductor, semi-conductor and insulator properties,”!°
but these are beyond the scope of this chapter. Instead an introduction to the work

function and Kelvin probe, relevant to our work in Chapter 7, is provided.

The work function, @, of a conducting material is defined as the minimum energy
required to remove an electron from the Fermi level, Ep, through the surface, to a point
infinitely far away. In 1898 Scottish scientist William Thomson, latterly known as
Baron Kelvin of Largs, described a method of determining the value of @.!' In a lecture
to the Royal Institution Kelvin demonstrated that an electrical potential exists between
the surfaces of two conducting plates when they are brought into contact. Electrons flow
between the plate of higher work function and lower work function, creating a contact
potential difference (CPD).

The traditional Kelvin method of determining work functions relies on a flat reference
electrode suspended above a sample electrode. A capacitive charge builds up between
the two surfaces and the CPD can be measured. Unfortunately, this method can not be
used for continuous scans due to the need for charge dissipation between successive
measurements. A method was developed by Zisman that could cope with changes in
CPD over time or distance. Zisman developed a Kelvin probe utilising a vibrating
reference tip above a stationary sample.'” As the tip vibrated the potential changed
periodically causing a variation of capacitance between the tip and sample. This allows
the continuous measurement of CPD - the underlying principle of the modern-day

Kelvin probe.

Recall that the work function, @, is the energy required to move an electron from the
Fermi level, Ef, to a point infinitely far away outside the conducting material. Consider
two conducting metals, with Fermi levels Er; and Er, and work functions @; and D,,
with complete electrical separation (Figure 1(2)). When the surfaces are brought into
electrical contact their Fermi levels equalise, corresponding to a change in work
function as electrons flow from @, to @; (Figure 1(b)). By analogy to a capacitor, equal
and opposite charges are present on the surfaces of the two metals. The difference

between the work functions of the two metals is known as the contact potential, V¢. The

-28-






Chapter 2: Electrochemical Principles and T. echniques
where AV is the potential difference between the tip and substrate, V3 is the backing
potential, R is the converter resistance, Cy is the probe capacitance, o is the angular
frequency of vibration, ¢ is the phase angle, ¢ is the time and ¢ s a parameter known as
the modulation index. The value of ¢ = d; | dy where d; is the mean tip-substrate

distance and dj the amplitude of vibration.

When Vprp = 0 the value of V5 = -V¢. The vibrating tip has the advantage of being able
to determine contact potentials and work functions continuously, without the need for
capacitive discharge between measurements. This makes the probe ideally suited for
microscopy and collecting data over a longer duration. In addition to the CPD values
topographical information can be obtained by measuring the capacitance, which is
inversely proportional to tip-substrate distance, throughbut the tip vibration. Work
function values obtained by the Kelvin probe are not absolute values, but relative to the

work function of the probe.

Applications of the Kelvin probe are discussed in more detail in Chapter 7.

2.2 Mass transport
2.2.1 (@eneral overview

Ions in the electrolyte solution can move between the anode and cathode by three
different modes of transport: diffusion, migration and convection. Each mode of mass

transport contributes to the total observed current, i, at the WE.
=i, 40, +i, (16)

Diffusion is the spontaneous movement of electrolyte species from a region of high
concentration to a region of lower concentration. Migration is the movement of charged
particles under the influence of an electric field. Neutral particles do not undergo
migration. Convection is due to the forced movement of electrolyte solution either
mechanically, as in the case of hydrodynamic experiments, or naturally, due to a

temperature-induced density gradient within the solution.

Experimental conditions are usually adjusted to favour a particular mode of mass
transport. For example, the addition of a largé excess of ionic salt, known as supporting
electrolyte, to the electroactive species results in the damping out of migration effects.
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Measurements performed in a controlled-temperature, vibration-free environment have
minimal convection. Hydrodynamic experiments, where the WE is rotated in the

electrolyte solution, have a greatly enhanced convection contribution.

2.2.2  Diffusion
Diffusion is the movement of a species from a region of high concentration to a region
of lower concentration. The flux, J, is a common measure of the rate of mass transport

at a given point at the electrode surface. The flux is related to the electrode current by:
i=-ndFJ a17).

For one-dimensional diffusion, as is the case for diffusion to a macroelectrode, the flux

is related to the concentration gradient according to Fick’s laws:'>!*

J, ==D(V[ 4]) (18)

v=2 & v? :—22— (19
ox Cox

a[a ;1] _ D(Vz /4 ]) (20)

The observed current depends on the diffusion co-efficient, D, which depends on the
solvent used, the molecular weight and size of the electroactive species and the
temperature. The del-operator, V, and the Laplacian, V2, are defined by the symmetry of

the electrode surface. The combination of equations 17 and 18 gives the general

expression for current response:

i=nFap2l4] . @n
Ox

2.2.3 Migration

In bulk solution, far from the electrode surface, concentration gradients are negligible
and mass transport is mainly due to migration of charged species, 4, under the influence
of a potential, E. As previously mentioned, neutral species do not contribute to

migration. The total migrational flux, J,,, is the sum of the individual fluxes:
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(22)

Tu=2 RT

A

23
. :z-j;;?w(w) @

A

The mobility, u, of a charged species is related to the diffusion co-efficient by the

Einstein-Smoluchowski equation:'®

|z AIFD ’ ' (24)

u,=—""—= '
RT

The magnitude and direction of a migration current depends on the charge on the ion. In

the absence of convection an anion will diffuse to a negatively charged WE, but will

simultaneously migrate to a positively charged CE. The observed iy will thefefore be

cancelled out by the opposing i,. The addition of supporting electrolyte reduces the 7, .

contribution, hence causing amplification of the observed 7,.'®

2.2.4 Convection
The bulk flow of electrolyte can ocour due to either mechanical stirring, called forced

convection, or temperature induced density gradients, called natural convection. The
convectional flux is given by:

J, =[A]v (25)

where v is the velocity vector (the component of velocity in a particular direction). In

hydrodynamic experiments convection is the major form of mass transport.

2.2.5 The Nernst-Planck equation
The equations for diffusion, convection and migration can be combined to give an

overall equation for the spatial variation of each species. The Nernst-Planck equation is

given by:

o[4]
ot

=DV?’[A]- vV[A]+ TDV([A]VE) (26)
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The Nernst-Planck equation describes how the concentration at a given point varies

through time due to diffusion, convection and migration.

2.2.6 Microelectrodes

Microelectrodes (also known as ultramicroelectrodes (UMEs)) are electrodes that have
one dimension of < 20 um. The simplest and most popular microelectrode is the
microdisc electrode, which is fabricated by sealing a fine wire or carbon fibre in a glass
or plastic capillary and polishing the end. Microelectrodes differ from conventionally
sized electrodes by virtue of their increased current density, lower capacitive charging
and reduced ohmic drop. These characteristics make microelectrodes particularly useful
for experiments in resistive media'’ or in the absence of supporting electrolyte,'® so they

particularly lend them self to in vivo measurements in biological systems.'*?

In diffusion-controlled experiments macroelectrodes have one-dimensional diffusion
normal to the plane of the surface, whereas microelectrodes have one-dimensional
diffusion only for the short time after electrolysis when the diffusion layer thickness is
small compared to the electrode surface area. At subsequent times, as the diffusion layer
expands, non-linear (convergent) diffusion occurs at the microelectrode edges resulting
in enhanced current density. Unlike macroelectrodes the convergent contribution means
that current does not scale with electrode area. As the capacitive charging current is |

small, much faster scan rates are possible in potential-sweep techniques like CV.

The flux and concentration gradient at the microdisc electrode is given by:?!

J, =-D(V[ 4]) (18)

v2 _0°[4] a[A] 19[4] @7)
ox? or? r or

UL _ iy 147) (20)

The steady-state limiting current of a microdisc electrode is given by:

iy =4nFD[A]y 7 (28)
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Recall from section 2.1.2 that the electrode-electrolyte interface consists of an array of
highly ordered molecules at the electrode surface. This arrangement is analogous to the
parallel plates of a capacitor. When a potential is applied to the electrode the resulting
current has both a Faradiac and capacitive contribution. In a potential-step experiment

the capacitive current, ic, is given by the following equation:

i —&ex __t) (29)
=R P &e

In this case R is the solution resistance which is independent of the electrode area and C
is the double layer capacity which is proportional to the electrode area. The product RC

is sometimes referred to as the cell time constant.

Since C is proportional to the electrode area the value of RC decreases with electrode
radius. This results in microelectrodes displaying a much quicker response to potential
perturbations than their macroscopic counterparts. The increased rate of mass transport
means reactions that display electrochemical reversibility at macroelectrodes (fast

electron-transfer) may show quasi- or irreversible electrode kinetics at microelectrodes.

2.3 Electrode kinetics

2.3.1 General overview

Electrochemical processes are composed of two different reaction types: heterogeneous

reactions and homogeneous reactions.

Heterogeneous electrochemical reactions involve electron-transfer between two species
in an electrochemical couple. The process usually occurs at the working electrode
surface, when electrons transfer between the solid-state electrode and solution-state
electroactive species. Heterogeneous chemical reactions, such as dissolution or surface

adsorption, may also occur.
Homogeneous electrochemical reactions involve species in the solution-state. They can

be further classified as first order, involving a single species (e.g. isomerisations), or

second order, involving two species (e.g. collisional interactions).
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2.3.2 Heterogeneous electrochemical reactions

Consider the following simple one-electron reduction process:

A

_ Kk . (30)
A+e / B
kp

Recall from section 2.2.2 that the general expression relating the current response to the

reactant concentration gradient is given by:

i= nFAD—a[A] @,
Oox

The rate constants can be incorporated into equation 21 to give the following analogy:

i=nFAk, [ B ]—k} [4]) (1)

Butler” and Volmer® derived a pair of expressions that relate the rate constants, krand
kp, with the reversible formal potential, E)'i » & standard rate constant, ko, and a transfer
co-efficient, a. The transfer coefficient has a value between zero and unity and describes

the slope of the transition-state energy profile. It influences the shape, although not the

position, of the voltammetric response. The transfer co-efficient has a typical value of

0.5. Note that the nomenclature E? is used instead of E? because the measurements are

not usually performed under standard conditions of unit activity, temperature and

pressure.
v o~ (E-EY) (32)
= oexp _“‘_RT
1-amF|E-E° (33)
k, =k, exp[ ( ) RZ(’ A )]

The rate constants are related to the current by the Butler-Volmer equation:?>?
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- -EY _ _ g (34
i = nFdk, 'i[ Al exp{M] ~[BJ,_, exp( (z a)nF(E E, )H

RT RT

As indicated by equation 34 when the system is in equilibrium k4] = k,/B] there is no
overall current. The absence of current indicates that there is no concentration gradient

and therefore [A]s~p = [A]pun. Remembering that o ~ 0.5 for heterogeneous transfer at a

metal electrode surface:

_ g _ _E)) G5
LU”%’mﬁg_@Uznﬁa{UCWW@_@q (35)

RT
.y v 36
exp[(vF(E Ef)JZ[AJ (36)
RT [B]
E:@+£Zméﬂ @7
nF [B]

The calculation of heterogeneous fate constants from CV data is considered further in
Chapter 6.

2.3.3  Homogeneous electrochemical reactions

Quite often a heterogeneoﬁs_ electron-transfer process is accompanied by a
homogeneous chemical reaction involving the products and/or reactants. The E and C
notation introduced by Testa and Reinmuth®* is a convenient method of classifying a
sequence of heterogeneous (E) and homogeneous (C) processes. A detailed explanation
of these processes in beyond the scope of this review because our experiments focus
primarily on electron-transfer at the electrode surface. The main homogeneous reaction

sequences and their corresponding rate equations are shown in Table 2.

Table 2. Summary of key homogeneous reactions (adapted from reference 25)

Reaction Steps Rate Equation
E A+¢ —> B Not applicable
A+¢ B
EC € —» a[B]=—k[B]&a[C]=k[B]
k ot ot
B—— C .
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ECE A+té — B o[B] _ k[B]&a[C] k[B]
B _k C ot
C+e — D
cE -A%‘Z— B [a]=—kf[A]+k,,[B]&
preT = a[a—]_k [A] - k[B]
DISPI A+te— B a[A]

=k[B] & a[B]=~k[B]
B———>» C

B+C —» A-+D

DISP2 A+¢—> B 6[A] 3[3]
k[B] & 2L2L — o1y
B——» C ot
B+C —f—» A4D
B Are——>= " [ A] =k[BJ[s] & 981 B] 5] krBirs)
B+S — A
C ke d[B]
B kb C 7—— f[B]'i-kb[C]&
a[aC] [B]—k,[C]

2.4 Yoltammetry for the study of electron-transfer processes

2.4.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a widely used method of acquiring qualitative information
about electrochemical reactions.”® CV is particularly useful for obtaining information
about the thermodynamics of redox reactions, the kinetics of heterogeneous electron-
transfer, coupled chemical reactions and adsorption processes. The ease of determining
the redox potentials of electroactive species, and the ability to monitor the effect of
media on redox processes, often makes CV the first method of choice in electroanalytic

study.

2.4.1.1 Basic principles

Three electrodes are immersed in a solution of the electroactive species of interest: the

working electrode (WE), reference electrode (RE) and counter electrode (CE).
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The WE potential is measured relative to the RE potential by a potentiostat. For a given
temperature and type of RE, the potential is fixed and known. The RE is connected to \
the potentiostat by a very high resistance circuit, preventing current flow in that
electrode. The CE acts as a sink of electrons, completing the electrochemical circuit.

Current flows between the WE and CE via the electroactive species in solution.

An initial potential, Ey, is applied to the WE and the potential is then swept to a second
value, B The potential is then swept back from Erto Ey. This cycle can be repeated as
shown in Figure 2, depending on the type of experimental data sought. The variation of

WE potential with time, takes the shape of a triangular waveform.

Figure 2. Variation of working electrode potential with time.

E;

E/mV

Eo

Time/ s

During the potential sweep the WE current is measured by the potentiostat. Data is
logged on a personal computer. At the end of the sweep or series of sweeps the
computer or data recorder draws a plot of WE current against potential. This plot is

called a cyclic voltammogram.

2.4.1.2 Practical considerations

These considerations apply equally to CV and the other voltammetric techniques.

The CV experimental conditions are such that mass transport of the electroactive
species occurs by diffusion only. A background electrolyte is usually added in order to
avoid migration currents and maintain conductivity. Measurements are performed in
unstirred solution to avoid mechanically induced convection currents. Additionally, the
cell can be water-jacketed and the temperature thermostatically controlled to minimise

natural convection. The cell must also be kept away from sources of vibration. The
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polarisability and solubility of tetraalkylammonium salts makes them a suitable
supporting electrolyte for organic solvents. Simple alkali metal salts or buffers are

usually the supporting electrolyte of choice in aqueous systems.

The concentration of the electroactive species is usually between 10~ and 10° M and
the background electrolyte one hundred times greater. Heterogeneous electron transfer
at the interfacial region creates a Faradaic current, due to the formal transfer of
electrons between the electroactive species and WE surface. The ordering of oppositely
charged ions at the WE also gives rise to a capacitive charge build-up at the electrical
double-layer. Any change in WE potential will result in a capacitive discharge of the

double-layer, and associated non-Faradaic contribution to the WE current,

It is important that high purity samples and electrolytic solution are used. The slightest
trace of contamination can be detrimental to the success of CV experiments. For
aqueous solutions the usual procedure is to remove oxygen, which is reducible between
- -0.8 and -0.2 V against the saturated calomel electrode (SCE). For aprotic solvents
purification needs to be applied much more stringently. Several effective procedures
have been developed for removihg protic impurities such as water.?’?%?° I practice it is
not possible to completely remove water from aprotic solvents and the walls of the cell.
Hammerich and Parker developed a technique of creating a super-dry environment
within the cell,* involving the direct addition of superactive alumina. Early alumina
drying attempts were found to be incompatible with certain sensitive analytes. Use

specially designed cells, like those designed by Kiesele, can counteract this problem.?!

The smoothness and cleanliness of the working electrode surface must be perfectly
reproduced between experiments to avoid high background currents and noise. This is

achieved by systematic polishing with diamond or alumina slurry. >

The flow of current between the WE and CE is affected by the resistance of the
electrolyte solution, R,. In addition to the applied WE potential the observed cell
potential includes components due to this solution resistance and the liquid junction

potential, discussed below.

Eops = Eapp + IR, + E[Jp (38)

-39.



Chapter 2: Electrochemi(:al Principles and T echniques
In order to minimise the IR, term, also referred to as the okmic drop of the electrolyte,
the WE and RE are positioned as close to each other as possible. The internal circuitry
of the potentiostat minimises the electrolyte ochmic drop further by driving the potential
between the WE and CE to a compensating level.”> The internal resistance of the

potentiostat electronic circuitry, WE and CE also contribute to a potential loss.

The silver / silver chloride (Ag/AgCl) electrode (equation 39) is usually the RE of
choice because of ease of preparation, non-toxicity and stability of the potential. This
has overtaken the saturated calomel electrode (SCE),* which has the main disadvantage

of containing mercury (equation 40).

AgCl+e
1/2 HgCl, + e

Ag+CI- (39)
Hg+Cl (40

To preveﬁt the RE filling solution from contaminating the WE solution, the two Vphases
are separated by a porous glass sinter or frit. The potential drop associated with the
Separation is known as the liquid-junction potential, Eyp. Ejp is compensated for by the
introduction of a salt bridge. Ej, arises from the different ionic mobilities of the
separated phases. In order to minimise Ej, the bridge is soaked in a salt containing a
cation and anion of approximately equal ionic mobilities. The approximately equal but

opposite migration of the liquid-junction ions cancels out much of the Eyp.

2.4.1.3 Electron-transfer processes

The cyclic voltammogram for the reversible one-electron oxidation of ferrocene to
ferricinium is shown in Figure 3. The shape of the voltammogram is very distinctive,

and characteristic of a reversible process.
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Figure 3. Reversible one-electron oxidation: Cp;Fe to CpyFe”.
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For a macroelectrode diffusion of the electroactive species occurs in one-dimension,
perpendicular to the electrode surface. Consider the following simple one electron

oxidation process where A is the oxidised reactant and B is the reduced product:

A +ne

B | (4D

The current is given by:

i= nFAD(a[ 4] J ' @D

Ox

Initially only species A is present at an electrode surface concentration [A]x=0. As the
WE potential is swept from Ey towards Esthe value of /4],-o decreases due to reduction
of A and formation of B. During the sweep [4/o is depleted, 0/4]/0x increases, J;
increases and therefore i increases. Eventually the value of [4],—y becomes zero and i
reaches a maximum, i,. Any further increase in E results in the expansion of the Nernst
diffusion layer. As the Nernst diffusion layer expands the distance between unreacted A
and the WE surface increases and J; and i decrease. An identical process for the

oxidation of B back to A occurs when the WE potential sweep is reversed.

Some important parameters can be deduced from the shape and magnitude of a cyclic
voltammogram. For a reversible électron-transfer process, one with rapid heterogeneous

kinetics, the oxidative (anodic) peak potential, Ep., and the reductive (céthodic) peak
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electrode area, A, can easily be obtained by rearranging the equation. It is often
desirable to calculate the value of 4 from electrochemical rather than geometric data.
This is because geometric calculations assume a smooth, uniform surface whereas in

reality any surface roughness increases the effective area.

2.5 Electrochemical impedance sp_ectroséopy (EIS)

2.5.1 About impedance

The electrical resistance is the ability of a circuit element to resist the passage of °

current. According to Ohm’s law the resistance, R, is equal to the ratio of voltage, E, to

current, I,

R E (48)
I

Ohm’s law is only applicable to resistors in simple direct current (DC) circuits. In more
complicated alternating current (AC) circuits several different elements (capacitors,
inductors etc.) contribute to the overall circuit resistance and Ohm’s law is abandoned.
Impedance, Z, is the ability of a circuit to resist the passage of alternating current.

,_E 49)
I

In an electrochemical cell electron flow can be impeded by slow preceding reaction,
slow electrode kinetics and diffusion, which can be considered analogous to the

resistive circuit elements in an AC circuit.

2.5.2  Impedance measurements

EIS is used to study electrochemical processes at the electrode surface. A small AC
voltage perturbation is applied to the electrode, the current response measured and
impedance obtained as a function of AC frequency. The AC voltage perturbation, E,
expressed as a function of time is given by:

i

E, = E, sin(wt) (50)
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‘where E, is the potential at time ¢, E, is the amplitude of the signal and o the radial

frequency. The radial frequency, a, is related to the Hertz frequency, f; by:
. w=2xf €1))

In real systems the current response, ,, to the AC voltage perturbation is out of phase by

angle & due to a combination of the impeding circuit elements:
1, =1, sinfwt + 6) (52)

The impedance as a function of frequency is therefore given by:

Z =

E, _ E, szn(cut Iz sin(et) (53)
I, I, sin(ot + 6) - sin(wt + 6)

The potential perturbation and current response can also be expressed as complex

functions:
E, = E, sin(jot) ' (54)
1, =1, sin(jot — j@) | (55)

Considering Euler’s relationship, exp(i§) = cos(§) + Jsin(@), the impedance can be

written as:

E, sin( jcoi)
1, sin(jot - j6)

7= (56)

= IZIexp(j@): lZ[(cosH+ jsin9)= Z'+jz"

where Z’ and Z” are real and imaginary contributions to the impedance respectively.

Z|, can be calculated from the vector combination of the Z’ and 7”

components. The relationship between

7’ and Z” is shown in Figure 7:
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Figure 7. Relationship between |Z I Zand Z”.
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g (58)

tan =—
Z’

The data is usually displayed as a Nyquist (Z” against Z’) or Bode plot (log|Z‘ or 8

against logw).

In the Nyquist plot shown (Figure 8(a)) the frequency reaches its highest value towards
the left, where the semicircle touches the Z’ axis. At low frequencies, towards the right
where the semicircle touches the Z” axis, the impedance is approximately a combination
of the uncompensated solution resistance, Rs, and charge-transfer resistance, Rer. At
low frequencies the AC voltage waveform and resulting current tend towards DC

behaviour, explaining the purely resistive nature of the impedance value.

The main advantage of the Nyquist plot is that it is easy to observe the effects of ohmic
resistance. If data is collected at sufficiently high frequency the curve can be
extrapolated downwards and the Z’ intercefat read to give a value of resistance. The
shape of the curve does not change with resistance so it is easy to compare data
collected under different experimental conditions. A disadvantage of this plot format is
that the frequency does not appear explicitly and it is only possible to calculate the
electrode capacitance if the frequency is known. As shown in Figure 8(a) the frequency

at Z”(@)max can be used to calculate the resistance if Rqris known.
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Figure 8. Example Nyquist plot.
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(a) Nyquist plot for a simple electrode reaction. (b) Circuit equivalent of the electrode reaction. Note

at low frequencies there is negligible charge-transfer
across the capacitor, so the circuit is effectively a

combination of Rg and Rey.

The Bode plot corresponding to Figure 8(a) is shown in Figure 9. This format has
several distinct advantages over the Nyquist plot. Since frequency appears on one of the
axes, it is easy to understand from the plot how impedance is related to frequency. The
frequency scale is logarithmic allowing a wide range of values to be plotted on the

graph, but with each decade given equal weight. Similarly, since log]Z | is used on the y-

axis a wide range of impedance values can be compared on the same axes. This can be
an advantage when the impedance is strongly dependent on frequency, as in the case of

a capacitor.

Values of Cpy, Rs, Rs + Rer and 6,4, can be obtained directly from the plot as indicated
by Figure 9.
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Figure 9. Example Bode plot.
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The Bode plot corresponding to the same data shown in the Nyquist plot, Figure 8(a).

2.6 Patch-clamp measurements

2.6.1 General overview

Hodgkin and Huxley used the voltage-clamp technique with intracellular
microelectrodes to provide the first detailed description of the action potential in nerve
‘axons.”® The technique is now the method of choice for the study of ion channels. A -
pair of sharp microelectrodes, of tip diameter < 0.1 um, are mounted either side of the
substrate of interest. One electrode applies a potential to the substrate, while the other

measures the resulting current across the substrate.

- This work was refined by Neher and co-workers, who won a Nobel Prize for their
developmént of a patch-clamp technique which allows the current of single
transmembrane channels to be recorded.”” Patch clamping allows the direct electrical
measurement of ion channel currents while simultaneously controlling the cell’s
membrane potential. There are 4 main modes of patch clamping — the whole-cell, cell-
attached, outside-out and inside-out configurations. These configurations differ in the
physical interaction between the measuring tip and cell substrate. The whole-cell and

cell-attached variants are of most relevance to our work.

2.6.2 Whole-cell measurements

Whole-cell measurements are obtained by gently touching the micropipette tip on the
surface of the cell. Gentle suction is applied to rupture the cell membrane in the tip-

contact region, so a low-resistance pathway is created between the tip and cell interior.
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background noise signal is finely attenuated by the instrumentation and single channel

currents can be resolved.?’

Single-channel recordings in cell-attached mode have shown that many channels, in
particular the voltage gated Na® channel, display only two conductance levels

corresponding to channel closed (zero current) and channel open (constant current)

states.39’40

2.7 Scanning electrochemical microscopy (SECM)

2.7.1 Probe microscopy

Probe microscopy relies on a miniature measuring probe being scanned over the surface
of atarget substrate in three dimensions. A computer records the probe location and the
local signal collected by the probe tip. Two main attractions make the probe microscopy
methods popular. Firstly, high-resolution topographical information can be retrieved.
This is cbmplimented by being able to view the substrate under ambient conditions.
From an electrochemical point of view, it was found that scanning tunnelling
microscopy (STM) could be used for electrolyte solution / solid interface
measurements.*' In 1990 Bard successfully combined a probe microscopy with the use
of ultra microelectrodes (UMEs), marking the birth of SECM.*? Bard’s initial work

focused on the interaction of the probe tip and substrate surface, investigating the so-

called feedback mode.*>**

2.7.2 Basic principles

The scanning electrochemical microscope (SECM) is composed of four key

components:

(a) A three electrode set-up. The working electrode is of UME dimensions (20 um
radius), which is often referred to as the tip.

(b) A precision tip positioning device, comprising three piezo-electric motors
mounted at right angles to each other.

(©) A bipotentiostat capable of measuring currents on the femto ampere scale.

(d) A facility for data collection, normally in the form of a personal computer.

A schematic representation of the SECM instrument is shown in Figure 11.
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Figure 11. Representation of the SECM.
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Block diagram of typical SECM apparatus. The substrate (target) may or may not be connected
directly to the bipotentiostat.™

In common with the other potentiostatic methods current flows between the tip and CE
and the tip potential is measured relative to a known reference. In bipotentiostatic mode

measurements can be made with a second potential applied to the substrate.
SECM experiments fall into two broad categories:

(a) Tip active, in which the probe interacts with the substrate surface creating an
electrochemical response.
(b) Tip passive, in which the probe is held stationary and monitors an externally

induced electrochemical response at the fixed location on the substrate surface.

Mass transport to the tip is by diffusion and, to a much lesser extent, migration.
Convection, due to mechanically forced movement of the electroactive solution towards

the tip, makes only a negligible contribution due to the very slow tip movement during

measurements.

There are five main modes of SECM imaging: amperometric feedback, tip generation /

tip collection, penetration, potentiometric detection and ion-transfer feedback.
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2.73 Amperometric feedback mode

A UME polarised at high constant potential in bulk electrolyte solution displays a
steady-state current ir.. The observed current is dependent on mass transport of the
electroactive species (hereafter called the ‘mediator’) to the tip surface. The tip surface

is usually disk shaped, and in such cases iz can be calculated from the equation:

Ir., =4nFDca (59)

where 7 is the stoichiometric number of electrons involved in the tip electrode process,
a is the radius of the tip metal disc, F is the Faraday constant, D is the diffusion

coefficient and c is the bulk concentration of the reacting species.

As the SECM tip is moved closer to the substrate surface, the magnitude of the tip
current either increases or decreases. A decrease in tip current is termed a negative

feedback, whereas an increase is a positive feedback.

Negative feedback is caused when the substrate surface obstructs passage of the
mediator to the approaching tip surface. Mediator obstruction results in a decrease in the
rate of heterogeneous electron-transfer at the tip surface. In most cases the probe tip is
encircled by a glass shield, which also contributes to the negative feedback term. The

shield to tip ratio, RG, is given by:
R (60)
where R, is the radius of the glass shield at the tip and a the radius of the tip metal disc.

In the case of an RG = 10 tip the following equation can be used to quantify the
shielding effect:

iy 1 (61)

o015+ 123820 g sexp| ZLIA ) 4 0 0908exp| L=63
I I 1.017L

where the normalised tip-substrate distance L = d/a, d is the tip-substrate distance and a

the radius of the tip surface.
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Negative feedback is exhibited by electrically insuiating substrates or those substrates

where the electron-transfer at the probe tip is irreversible.

Positive feedback occurs when there is an amplification of tip current as the tip nears
the substrate. This behaviour is exhibited by electrically conducting substrates or those
substrates where the electron-transfer at the tip is spontaneous and reversible. The
conducting substrate regenerates the mediator, causing an increase in its local
concentration, and allowing it to further react at the adjacent tip. Mirkin and co-workers

proved the following equation for the current ratio:*®

; ' _ 62
e (——0' 7‘13 77) + 0.33]5exp(—] '2672 ] r068 Y

I

Positive feedback can be used to monitor the tip-substrate distance of a conducting

target. Again, this equation applies when RG = 10.

The two feedback equations (equations 61 and 62) hold true for diffusion-controlled

heterogeneous reactions in the range 0.5 > L < 20.

Two-dimensional amperometric feedback measurements (also known as ‘areq scans’)
on the substrate are also easily performed. As the tip, with applied potential, is slowly
| scanned over the substrate repeated feedback profiles are obtained. The data is
presented as a current map of the substrate, with regions: of differing feedback
contrasting in colour. When area scans are obtained in negative feedback mode, a small
. current indicates upward projections on the substrate 'surface, whereas a large current

indicates downward projections.
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tissue samples and enzyme containing gels to monitor the concentration of species at

different depths from the sample surface.>

2.7.6 SECM measuring tips

The size, shape and type of measuring tip have a large bearing on the information
obtained in an SECM experiment. Traditionally, SECM tips have been made by seal_ing
a micrometer diameter gold, platinum or palladium wire or carbon fibre in the lumen of
a glass capillary as shown in Figure 13. The capillary end is then heat-sealed, bevelled
and polished. .Bevélling ensures the glass shield enclosing the conductive fibre does not
interfere with the approach of the tip to the target surface, and also lprevents the
diffusion path of the electroactive species from being hindered. The small diameter of
the micro wires or carbon fibre makes them susceptible to damage during the heat-

sealing process. For this reason, purpose-built pipette pullers are used in the fusion

1
pl’OCCSS.5

Figure 13. lllustration of an SECM measuring tip.
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The main advantages of using a UME over a conventional macroelectrode are the high
spatial resolution and fast mass transport achievable. Unlike macroelectrodes, where
diffusion to the electrode surface is confined to- one dimension, UMEs allow radial
diffusion. In effect, this means UMEs can detect a greater current per unit concentration
of analyte, hence UMEs are particularly suitable for the study of high-resistance
electrolyte systems and systems where the addition of supporting electrolyte is

undesirable.

There is great interest in the production of nanometre-sized tips to try and refine these

two properties even more. The electrochemical etching of Pt / Ir rods in saturated CaCl;
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and HCI has been successfully employed in the production of nanometre scale tips.*®
More recently tips that are slightly recessed into the glass shield have been prepared in a
similar fashion.”> When the recessed tip is approached to the target surface it is possible

to trap and detect individual molecules in the shield pocket.>®

Some species are not readily oxidised or reduced at the surface of the traditional metal
disc SECM tip. These species cannot be monitored amperometrically with the metal tip,
so are incompatible with SECM. However, chemical modification of the probe tip can
be carried out, making it suitable for the analysis of these poorly oxidised or reduced
species. Horrocks successfully modified a carbon disc electrode by coating the fibres
with horseradish pefoxidase (HRP).** HRP was tethered to the carbon surface by a
redox polymer chain. The modified electrode was used as a biosensor for hydrogen

peroxide.

Ion-selective electrodes (ISEs) had been used as a potentiometric probe for biological
systems long before the advent of SECM. An ISE tip can be used in SECM for the
detection of electrochemically inactive species like NH," and alkali metal cations. These
ISEs are constructed using micropipettes. An ion-selective layer is added towards the tip
surface then the pipette is back filled with reference electrode filling solution. Finally
the reference electrode, usually a silver wire coated with silver chloride, is suspended in
the filling solution. An Ag / AgCl micropipette has proved to be a successful way of
monitoring CI” flux.”> These ISES are péssive sensors, which do not affect the
electroactive species concentration gradient near the substrate. The potentiometric
nature of the tips prevents them being of use for accurate tip-substrate distance
measurements. Consequently early experiments had the frequent problem of tip crash:
where the ISE measuring tip ploughed into the substrate often damaging the target
surface. Second-generation probe tip ISEs overcame this problem by the incorporation
of a second barrel (Figure 14), as first proposed by Wei.*® The second barrel contains a

metal microelectrode, typically gallium, which acts as an amperometric sensor in

feedback mode.”’
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Figure 14. Double barrelled SECM tip.

membrane

Double barrelled SECM tip. The first barrel encloses the gallium amperometric tip for distance

estimation. The second barrel encloses the ion-selective membrane and internal reference.
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Chapter 3
The Peptide-Lipid Environment

3.1 Peptide ion channels
‘3.1.1 Gramicidin A

Gramicidin A (gA) is a naturally occurring 15-residue polypeptide produced by the soil
bacteria Bacillus brevus. It is composed of alternating D- and L- amino acids, and forms
monovalent cation-selective channels in bilayer lipid membranes (BLMs). The primary

structure of gA is shown in Figure 15 and Table 3.

Figure 15, Structure of gramicidin A.

N I N TR TN TN
> S ~ NH ~ NH ” ONH ~NH
Table 3. Amino acid sequence of the gramicidins. ‘
Peptide Seéuence (*see note)
Gramicidin A | formyl-L-Val-Gly-L-Ala-D-Leu-L-Al a(5)-D-Val-L-Val-D-Val-L-Trp-D-
(g4) Leu(10)-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp(15)-ethanolamine
Gramicidin B | formyl-L-Val-Gly-L-Ala-D-Leu-L-A la(5)-D-Val-L- Val-D- Val-L-Trp-D-
(8B) | Leu(10)-L-Phe-D-Leu-L-Trp-D-Leu-L-Trp(15 )-ethanolamine
Gramicidin C | formyl-L-Val-Gly-L-Ala-D-Leu-L-Ala(5 )-D-Val-L-Val-D-Val-L-Trp-D-
(gC) Leu(10)-L-Tyr-D-Leu-L-Trp-D-Leu-L-Trp(15)-ethanolamine

*Figures in parentheses represent the residue position within the chain.

Bacillus brevus produces a mixture known as gramicidin D (gD) which is composed of
gA (~ 80%) and two other structural variants (gramicidins B and C). The variants differ
from gA at position 11, with the substitution of tryptophan for either phenylalamne (in
the case of gB) or tyrosine (in the case of gC).

The gA primary structure is absent of polar and hydrophilic residues, resulting in over
all hydrophobicity and low water solubility. The presence of N-terminal formyl and C-
terminal ethanolamine groups further contributes to the hydrophobic nature by

preventing the formation of zwitterionic forms. When dissolved in highly polar organic
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solvent, such as the 1:1 dimethylsulfoxide / acetone mixture employed by Roux and co-
workers, gA exists as a disordered array of monomers.' In less-polar organic solvents
gA exists as a Iﬁixture of parallel énd antiparallel entwined dimers and unstructured
monomers.>* The exact composition of the dimer / monomer mixture is dependent on
the solvent type, temperature and peptide concentration. Four dimeric forms have been
identified each of which has two interwoven monomers ~ 31 A in length, 5.6 residues
per turn held together by 28 hydrogen bonds (Figure 16). The dimers have been
extensively studied using solution-state NMR® and circular dichroism (CD)

spectroscopy.5

Figure 16. Solution-state g4 dimers.”

The four gA double-helical conformers Jound in  Proposed stabilisation of conformer (a) by

solution. multivalent cation binding at the N-terminus.

CD has been used to observe conformational changes that arise in the solution-state
entwined dimers with the introduction of monovalent® or multivalent’ cations. The
introduction of Cs™ to a methanol solution of gA results in a large change in CD
spectrum, indicative of a change in helix motif and handedness. In comparison, vesicle-
bound gA shows a similar structure in the presence and absence of Cs'. This suggests
that the solution conformation is different to that in membranes, Subsequently, the
change in ellipticity was used to monitor conformational change following the addition
of divalent cation salts to gA in methanol solution. Spectral change was found to be
dependent on cationic and anionic radii, but independent of cationic charge. The
greatest change in conformation occurred when the solution was treated with CaX,,
where X # F. This has led to the postulation that Ca®* binds to the N-terminal cavity,

producing a net positive charge at the C-terminus, which in turn associates with X
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It was Urry who first considered the structure of the membrane-inserted gA channel
back in the early 1970°s. Urry predicted that channels were formed when the lateral
diffusion of monomers in the membrane led to the formation of head-to-head (N-
terminal-to-N-terminal) dimers.® A similar model with tail-to-tail (C-terminal-to~C-
terminal) dimerisation was considered by Bradley and co-workers a few years later.” It
was also suggested that since gA adopted entwined helical dimers in less-polar organic
solvents, they might also adopt that configuration to span the hydrophobic core of the
BLM. To this end Veatch proposed parallel and antiparallel double f-helices.’

Figure 17. The initial proposed structures of gA channels.'’

(a) N-to-N dimerisation proposed by Urry,’ (b) C-to-C dimerisation proposed by Bradley,’
(¢) antiparallel double $-helix proposed by Veatch,’ (d) parallel double f-helix proposed by Veatch.’
(a) and (b), the helical dimers (HDs), have 6.3 residues per turn and are therefore denoted /36‘3-helices.

The predominant conformation of gA in phosphatidylcholine vesicles was determined
using "°C and '°F NMR spectroscopy.'® Specific °C and '°F nuclei were incorporated in
the N- and C-terminal groups, and the accessibility of these to paramagnetic probes was
observed by chemical shift and relaxation time measurements. Results showed that the
C-terminus was located at the vesicle surface, whereas N-terminus was buried deep

within the bilayer, in agreement with Urry’s N-terminal-to-N-terminal dimer described

earlier.

Two distinctive gramicidin channel structural families have been identified: the Urry
helical dimer (HD) structure and the Veatch double helix (DH) structure. For each of
the two families, high-resolution structures have been determined by X-ray
crystallography and NMR spectroscopy.'' HD structures have been determined by
solid-state NMR, in oriented lipid bilayers,'? and solution-state NMR, in detergent
micelles.”® Solution-state NMR'*'* and X-ray crystallography'®'"'® have been used to

determine DH structures.
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The HD form is characterised by two monomeric Phelices, with 6.3 residues per turn
(hence denoted ﬁ“-helices) bound via the N-termini, forming a transmembrane dimer
(Figure 18). The internal pore diameter is 3 - 4 A and the channel length ~ 26 A."° The
pore of the HD form opens and closes by the association/dissociation of the two peptide

chain N-termini. Six intermolecular hydrogen bonds stabilise the HD as it spans the
lipid bilayer (Figure 18).%°

Figure 18. HD channel formation by lateral diffusion and association of g4 monomers.

The DH structure is characterised by two hydrogen-bonded f-strands, entwined to form

Diffusion and
-association

a double f-helix capable of spanning the lipid bilayer (Figure 19(b)). The DH structures
determined so far differ in chain orientation, helix handedness, stagger and number of
residues per helix turn. Recent reports indicate the HD form is the principle conducting

structure.*22 Only in a few exceptional circumstances has conduction been observed in

the DH form.?>**?*

In both HD and DH forms the combination of B-sheet motif and alternating residue -
handedness results in the hydrophobic side chains residing on the outer face of the
channel and hydrophilic backbone amides and carbonyls lining the channel lumen. The
combination of hydrophobic outer and hydrophilic lining results in an optimised ion-

conduction pathway being partitioned within the lipid bilayer.
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3.1.2  Alamethicin

Alamethicin, isolated from the fungus Trichoderma viride, is a 20 residue peptide the
structure of which is shown in Figure 20. For clarity the amino acid sequence is also
shown in Table 4. Alamethicin is a peptide antibiotic that produces voltage-dependent
conductance in BLMs. The major structure of alamethicin was elucidated by a

combination of electron impact mass spectrometry (EI MS) and 1*C NMR 2

Figure 20. Structure of alamethicin.
P AR o A C

Table 4. Amino acid sequence of the alamethicin.

Peptide Sequence (*see note)

Alamethicin | Ac-Aib-L-Pro-Aib-L-Ala-Aib(5)-L-Ala-L-Gln-Aib-L-Val-Aib (10)-Gly-L-
Leu-Aib-L-Pro-L-Val(15)-Aib-Aib-L-Gin-L-Pheol.

*Figures in parentheses represent the residue position within the chain.

As with gramicidin. the natural product can have slight structural variation. Position 18
can either be Gln (as shown in Figure 20) or Glu. These two isomers are separable by
thin-layer chromatography and have been designated R¢50 (in the case of Gln) and R:30
(in the case of Glu). Alamethicin is a member of the peptaibol family of peptide
antibiotics. Peptaibols are short, linear peptides characterised by the presence of several
a-aminoisobutyric acid (Aib) residues and a C-terminal amino alcohol instead of the
usual carboxylic acid. The high proportion of Aib imposes conformational constraints
on the alamethicin chain, which is usually restricted to the a- or 3/’-helical forms.>?
Peptaibol chain lengths vary between 11 and 20 residues. Those with > 16 amino acids
have sufficient length to span the BLM and readily form ion channels. Molecular
structures have been obtained for two common long peptaibols: the 20-residue

alamethicin® and the 16-residue antiamoebin.*

In the crystalline form alamethicin exists as a trimer absent of an axial channel. The
individual monomers were found to be structurally similar-and an overall conformation
was proposed. The proposed structure has predominantly a-helical structure from N-

terminus to Pro(14), a bend just after Pro(14) and a second a-helical structure from
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Val(15) to Pheol(20). Fourier-transform infrared (FT-IR) spectroscopic measurements
have revealed limited 3'’-type hydrogen bonding along the chain length,*® indicating an
overall a- / 3/ o-hybrid structure. Attempts to quantify the proportion of 3/’-helix in the
monomer by CD have 'proved unsuccessful because the a- and 3'’-spectra are closely

‘matched and difficult to resolve.>’

The X-ray structure of alamethicin® indicates that the molecule is amphipathic
(containing both polar and non-polar domains) in nature. The polar side chains of
GIn(7) and Glu(18) occur at one side of the helix whereas the non-polar sidé chains of
Val, Aib, Ala and Leu occur at the other. This observation, combined with the lack of
axial channel and strong concentration-dependence on channel formation, have led to
the proposed formation of helical bundle structures spanning the BLM.*® When
alamethicin is added to a lipid membrane it is believed to exist as an equilibrium
mixture of disorganised aqueous phase monomers and semi-organised membrane-
adsorbed monomers. When a pdsitive potential is applied the N-termini of the
membrane-adsorbed monomers, which represent the positive end of the peptide dipole,
are repelled down through the bilayer.39 Although the trans-membrane state is highly
unstable (hydrophilic residues are buried within the bilayer) lateral diffusion and
collision with other trans-membrane monomers leads to the formation of bundles. The
monomers in the bundle can be considered in similar terms to the staves of a barrel
hence the structure is often referred to as the ‘barrel-stave’ model. The stave monomers
are arranged so that the polar side chains line a central channel and non-polar side

chains occupy the exterior face of the bundle in contact with the, lipid membrane.

Statistical studies have shown peptaibol channels are composed of bundles of 6 — 12

. 0,41
parallel helical monomers.**

The alamethicin pore diameter has been calculated as
ranging from 3 — 10 A for bundles of 6 — 8 monomers.*? The peptaibols display typical
channel properties such as voltage response and high flux. Unlike most other peptaibols,
alamethicin demonstrates multiple conduction states, thought to be the result of

monomers adding to the bundle as the membrane potential is changed.

3.1.3  Structural features of gramicidin and the peptaibols

Despite the peptaibols having widely different primary structures they share a variety of

“common structural properties:*
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(@)  Aromatic residues are located in the region of the polar head group / non-polar
tail group interface. This is because aromatic amino acids are intermediate in polarity.
In each gramicidin monomer of the HD form, the four tryptophans are located towards
the C-terminal end, which, in turn, is located towards the bilayer surface.* Becker and
co-workers have postulated that the aromatic side chain/bilayer dipole interaction gives
added stability to the HD configuration.** In the peptaibols characterised to date there
are very few aromatic amino acids. Tryptophan has been found only at peptaibol
terminal ends, as has phenylalanine in all but one exception. This places aromatic
residues near the bilayer surface, consistent with the residue distribution seen in

gramicidin and the outer membrane proteins.

The length of the peptide chain corresponds with the thickness of the membrane
hydrophobic region. The gramicidin and peptaibol models are of comparable length to
the hydrophobic, hydrocarbon core of the lipid membrane. Harroun carried out X-ray
diffraction experiments on gramicidin inserted into a range of different lipid
membranes.*® Lipids of a variety of fatty acid chain lengths were chosen. It was found
that the lipid bilayer was able to distort slightly in the region of the channel to
counteract ‘hydrophobic mismatch’, and accommodate the peptide chain. These
observations were in agreement with the previous theoretical calculations on

hydrophobic mismatch proposed by Helfrich.*’

(c) Multimerisation causes channel opening and closing. In the lipid bilayer
gramicidin monomers, in the closed state, diffuse on the membrane plane until a pair of
monomers marry up into an HD array, now in the open state. Channel opening in this
way is equilibrium controlled: the greater the concentration of monomer, the greater the
likelihood of two monomers interacting and forming the open state. For peptaibols the
single helical monomer is the closed state, whereas multimeric helical bundles form the

open channel.

) Monomers have a high level of intramolecular hydrogen bonding, whereas
multimers have a low level of intermolecular hydrogen bonding. In gramicidin HD, the
monomer is stabilised by ~ 18 intramolecular hydrogen bonds, but the dimer stabilised
by only 6 intermolecular hydrogen bonds. Peptaibol monomers are stabilised by many
hydrogen bonds, along the entire length of the helix. It is thought that peptaibol bundles

are stabilised by only a few intermolecular hydrogen bonds per helical monomer: these
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Chapter 3: The Peptide-Lipid Environment
are probably towards the terminal ends of the peptaibol chains, not distributed along the

chain as in the monomeric case.

(e) The pore lumen is composed of hydrophilic amino acids. 1t is necessary that the
channel be lined with hydrophilic groups, in order that there be a favourable interaction
with water and ions during their passage across. Gramicidin has no polar or hydrophilic

side chains, so the hydrophilic channel lining is achieved by the orientation of the

peptide backbone carbonyl groups. With one exception (alamethicin, which has an E

residue in position 18) the peptaibols have no polar amino acid side chains, and appear
to use hydrophilic side chains (glutafnine, hydroxyproline) to line the lumen. In
common with gramicidin, some backbone carbonyls also contribute to the lining. The
gramicidin internal diameter is ~ 3 - 4 A, imposing a high level of selectivity on the
channel. K* ions can only cross the gramicidin channel in single file. The pore
diameters of the large peptaibol bundles are far greater than that of the gramicidin
dimers. This supports the observation that the peptaibol channels are far less selective

about which ions can pass through.

3.2 Lipid membranes

3.2.1 Preparation of lipid membranes

. The natural lipid membrane is a complex fluid mosaic of lipids and proteins.*® The high

structural complexity means it is difficult to study ion transport across complete,
naturally occurring membranes. As membrane ion transpdrt is an area of great interest
synthetic, simplified membrane models have been developed. These synthetic models
fall into three main categories: the black lipid membranes, vesicles and supported lipid

membranes.

3.2.1.1 Black lipid membranes

Robert Hooke noticed the first black. lipid membranes in 1672. Hooke was observing
soap bubbles under a primative microscope and happened to note the following

observations:*’

“there appear several (black) holes, which by degrees increase and grow bigger, and
several of them break into one another until at length they become very conspicuous
and big.... It is pretty hard to imagine, what curious net or invisible body it is, that
should keep the form of the bubble....”
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Hooke had realised the potential advantages of having such a large bubble surface area
formed by such a small amount of material. The BLM can be formed with a surface area
of several millimetres and are a good, simplified model for characterising the physio-
chemical properties of lipid membranes. One disadvantage the BLM has over supported
membranes is sensitivity to changes in osmotic pressure and surface tension: any
sudden changes in these cause immediate rupture and failure of the model. The
sensitivity can be overcome by supporting fhe BLM on a solid substrate. BLMs can be
prepared in two main ways: the first method involves constructing a membrane by
dissolving lipid in decane. In contrast solvent-free membranes are made by dispersing
lipid in a buffered aqueous solution contained in the upper compartment of a two-
compartment cell, with the compartments separated by a narrow aperture.™ Slowly
draining the aqueous lipid contents from the upper compartment to the lower
compartment, results in monolayer film formation over the aperture. Syringing buffer
into the lower compartment raises the level of the lipid solution back through the

aperture, resulting in a second monolayer being formed tail to tail with the first,

3.2.1.2 Vesicles

The most common method ofA producing large unilamellar vesicles is by rapid and
repeated extrusion of multilamellar vesicles through polycarbonate membranes, as
described by Hope and co-workers.’! The resulting vesicles are commonly referred to as

LUMET: (large multilammelar vesicles produced by extrusion techniques).

Hope’s initial work employed phosphatidylcholine (PC), phosphatidylethanolamine
(PE) and phosphatidylserine (PS) isolated from both egg albumin and soya bean. The
lipids were dried and dissolved in aqueous buffer with vortexing. The buffer solution,
now containing self-assembled multilamellar vesicles, was then injected into the first of
two chambers separated by two stacked polycarbonate membrane filters of 100 nm pore
size. The aqueous lipid was then forced through the polycarbonate filter into the second
chamber. This was achieved by applying cylinder nitrogen at a pressure of 100 — 500
psi to the now sealed first chamber. Lipid solution collected in chamber two was re-
extruded into chamber one and the process repeated ten times. A freeze-thaw procedure,
with liquid nitrogen as the cryogen, was then applied to the lipid solution. After several
freeze-thaw cycles the thawed solution was sized again through fresh polycarbonate

filters.
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The freeze-thaw procedure used in the preparation is thought to lead to an equilibration
between the interior core of the vesicle and the exterior bulk aqueous phase. This
equilibration process gives rise to an increased entrapment yield>**** and to the

fragmentation of large vesicles into smaller ones.”

3.2.1.3 Supported membranes

Bacteriorhodopsin functions as a light-driven proton pump, and is the sole protein found
in the purple membranes of Halobacteria.> Early experiments on BLMs treated with
bacteriorhodopsin were limited due to membrane size and ‘instability.’*® Soya bean
phospholipid was introduced to a Millipore filter by simply immersing the filter in a

solution of lipid in hexadecane (150 mg/ml).

Setaka and co-workers were first to report the construction of a lipid bilayer supported
on a stretched cellulose sheet.”® A cellulose sheet was laid flat in the base of a shallow
trough and then covered with water. Drops of EPC cholesterol were added to the
surface, which dispersed to form a lipid monolayer at the water-air interface. The
stretched sheet was then raised up through the monolayer, which then assembled on the
damp cellulose. Two of these cellulosé-supported monolayers were combined, tail to

tail, to give an overall lipid bilayer.

Lipid monolayers have been prepared on a quartz surface.®’ A quartz slide was placed in
the base of a shallow trough, which was filled with buffered aqueous tris-acetic acid
solution. A monolayer of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoch_oline was
formed on the aqueous surface and transferred to the quartz, as the slide was gently
lifted from the base of the trough. Unilamellar vesicles prepared by the extrusion and
freeze-thaw method were injected onto the quartz supported monolayer surface. Total
internal reflection fluorescence microscopy was used to observe the monolayer, and it

was found the vesicles fused with it to form a bilayer.

The brush teéhnique is a simple method of preparing BLMs on polycarbonate or

62
cellulose membranes.®"

The solvent was removed in vacuo from an EPC in
chloroform solution. The dry lipid residue was then suspended, with vortexing, in

buffered aqueous solution. A thin lipid film was then painted onto a flattened and
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stretched polycarbonate membrane using a soft-bristled brush. The self-assembly of a

lipid bilayer could be observed using an environmental scanning electron microscope.

3.3  NAD(P)' and NAD(P)H

3.3.1 OQccurrence and role in nature

Nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide
phosphate (NADP) are pyridine-based nucleotides found in all living systems.®> NADP
differs structurally from NAD in that it has a phosphate group at the 2’ position of the

adenine ribose (Figure 21).

Figure 21. Structure of NAD'/NADP" (oxidised nicotinamide sub-unit).
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NADH/NADPH (reduced nicotinamide sub-unit).

These nucleotides act as coenzymes for the reaction of more than 400 types of
oxidoreductase. The role of the coenzyme in the reaction is to act as a reversible
donor/acceptor of a hydride ion equivalent from the substrate. This characteristic makes
NAD/NADP an essential component in biological electron transfer processes. The
structure of NAD" (the oxidised form of NAD) in solution has been determined by
NMR,64f65 circular dichroism® and fluorescence spectroscopy.®’ The general consensus
is that NAD" in solution exists as a mixture of folded and unfolded forms. The folded
form has both aromatic rings in close proximity. It has beeﬁ proposed that ordered
parallel stacking of the rings occurs, with an inter-ring distance of less than 0.39 nm.%%°
Conversely, a less rigid model with an inter-ring distance of 0.45 nm and imperfect

stacking has been proposed.”® The enzyme bound NAD" nucleotide adopts an unfolded
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and extended configuration.”' Conversion of the oxidised (NAD(P)") to reduced
(NAD(P)H) form is brought about by the transfer of a proton and two electrons: a net
hydride transfer at the nicotinamide C-4 position. Hydride transfer between the
nucleotide and oxidoreductase is stereospecific. Depending on the particular
circumstance either the S- or R- hydrogen of the reduced dihydronicotinamide is
transferred to the substrate, or the S- or R- hydrogen of the substrate is transferred to the

oxidised pyridinium ring (Figure 22).

Figure 22. Stereospecific oxidation and reduction of NAD(P)H/NAD(P)".
H,NOC

H,NOC
® +2e+H' HR —_—
H N—R N—R
HS

The use of deuterated forms of the coenzymes enabled elucidation of the stereospecific
2

hydride transfer mechanism.”> For reactions involving NAD(P)-dependent

dehydrogenases, the following general equation applies:

Substrate + NAD(P)" — Product + NAD(P)H + H" (63)

In the mitochondrial process of oxidative phosphorylation” electrons are transferred
from NADH to O, via a step-wise transfer between enzymes. The resulting O*
combines with 2H" to yield a molecule of water:

NADH + H' + %0, = NAD' + H,O  (64)

Oxidative phosphorylation also yields three moles of ATP for every mole of NADH

oxidised.

3.3.2  Electrochemical oxidation

The electrochemical oxidation of NADH has been extensively studied using a wide
range of electrode materials including glassy carbon (GC), carbon fibre, platinum and
gold. The electrode material has a significant affect on the over-potential, demonstrated
by the observation of oxidation peaks at ~ 0.474, ~ 0.775 and 1.0 V for carbon,

platinum and gold electrodes, respectively.’® |
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The oxidation process results in fouling of the electrode surface. Careful pre-treatment
is needed to obtain reproducible results between runs. Samec and Elvin performed a
thorough investigation of the oxidation of NADH at GC, platinum and gold
electrodes.”” The CVs obtained from the different electrode materials were compared in
order to determine the mode and extent of adsorption. The different electrodes were
immersed in buffered NADH solution at open circuit potential before being thoroughly
rinsed. Subsequent CV experiments with the treated electrodes in blank buffer solution
showed residual NADH oxidation peaks. It was also concluded that NADH was
strongly adsorbed at platinum and gold electrodes, whereas NAD® was strongly
adsorbed at GC. In the case of NADH adsorption at platinum and gold fhere is an

unspecified second oxidation product that poisons the electrode.

The NADH oxidation mechanism has been extensively studied. One of the early
investigations, that of Blaedel and Haas, used CV to investigate the oxidation properties
of several NADH analogues.” In acetonitrile two oxidation peaks were observed in the
absence of base, demonstrating stepwise oxidation of the model compounds. In aqueous
solution only a single oxidation peak is evident, even at relatively fast scan rates, and no
re-reduction occurs on the reverse sweep.” This combination of evidence suggests the
presence of two electron-transfers and an irreversible chemical step in the reaction

mechanism. Accordingly an ECE oxidation mechanism has been proposed: 5%

NADH —<—» NADH"* (63)
+

NADH*—E o NAD

NAD' ===—== NAD'

The experiments of Blankespoor and Miller confirmed that NAD" is an inhibitor for the
oxidation process and established the ky. rate constant in the region of 10° 53! This
value was corroborated by Matsue and co-workers who determined a more precise
figure of 6 x 10° s for the proton elimination step.®? It has been suggested that C-H
bond cleavage of the proton elimination step is mediated by surface bound oxygen

species, as depicted in Figure 23.7%77
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Figure 23. Electrode surface species as redox mediators (adapted from reference 83).

H,NOC
0 N—-R . .
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0 + H;0
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(a) Oxidation of NADH including movement of H (b) Proposed surface oxygen redox systems as
from C* of the nicotinamide ring to a proton mediators in NADH oxidation.

acceptor.

3.3.3 Electrochemical reduction

The reduction of NAD" has been observed in the polarography experiments of Burnett
and Underwood.* Two one-electron reduction peaks were observed at half-wave
potentials £, = -1.12 Varid Eyp =-1.72 Vin pH 9 buffered solution. Alkaline pH was
chosen to minimise hydrolysis of the nucleotide and tetraalkylammonium salts were

added to suppress adsorption of NAD" at the electrode surface.

One suggestion for the first cathodic process'is that NAD" undergoes a rapid and
reversible one-electron reduction to form an NAD radical. The radical undergoes
dimerisation and theh proton mediated dispr_oportionation (DISP1) to give NAD" and
NADH.

NAD*+e¢ NAD' (66)
2NAD' —— (NAD),
(NAD), + H¥*—— NAD'+NADH

The electron-transfer responsible for the second peak has been the subject of much
speculation. Again, this electron-transfer process can only be studied at alkaline pH to
prevent hydrolysis of the co-enzyme. The variation of E with pH was observed as ~ 20

mV/pH unit, which is much lower than the anélogous expected single-electron variation
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of 59 mV/decade. The difference in the observed (~ 20 mV/pH) and expected (59
mV/decade) has led to the suggestion that H;O' is not the only proton source

participating in this process. It is believed a second proton donor, HX, interacts with the
NAD radical.

NAD'+ HX [NAD-H-X]  (67)
[NAD'-H-X'] —*_» [NADH-X']
[NADH-X']—=X_» NADH

w
o~
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Chapfer 4
Synthesis of a Novel Peptide Redox Switch

4.1 Introduction

Gramicidin A (gA) is a naturally occurring 15-residue peptide antibiotic. The gA
monomer is comprised of alternating D- and L-amino acids and has an N-terminus
formyl group and C-terminus ethanolamine group.1 Cation selective channels are
formed in the bilayer lipid membrane (BLM) by head-to-head (N-terminus-to-N-
terminus) dimerisation of gA monomers. The peptide monomers adopt a %’ right-
handed helical conformation. Dimerisation occurs due to the lateral diffusion and

association of the monomers within opposite leafs of the BLM.

The head-to-head structure is supported by the observation that chemical modification
of the N-terminus results in reduced channel formation by the modified monomers. This
effect has been noticed in a wide range of N-terminal variants, including the desformyl,?
acetyil3 and pyromellityl4 forms. Conversely, chemical modification of the C-terminus
has significantly less effect on channel formétion supporting the idea that these termini
are located at the periphery of the dimer.> The CD spectra of gA modified with either C-
terminal acetyl or ethylenediamine show no significant difference to the unmodified

form, indicating C-terminus modification has no influence on the peptide secondary

structure.

Previous studies have demonstrated that modification of the C-terminus ethanolamine
with carbamate groups produces channels with modified conductance properties. In
particular single molecules of gramicidin A-ethylenediamine (gE), in which the terminal
amino group is positively charged under physiological conditions, showed multiple
conductance levels when studied with patch clamp techniques.®’ In the open form gE
displayed a maximum conductance that was approximately half that of gA, with
additional conductance levels that were ~ 90%, ~ 50% and ~ 40% of this maximal value
(Figure 24). These conductance levels were attributed to cis / trans rsomerism of the
carbamate group, with the positive ammonium group obstructing the channel entrance
and/or exit in the cis isomer, but lying away from the channel axis in the frans form
(Figure 25).
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Figure 24. Single channel currents of gE in various salt solutions (from reference 7).

2pA

Single channel currents for gE in various salt solutions at 150 mV applied potential, Solutions are 1 M
XCl, 5 mM N,N-bis(2-hydroxyethyl)-2-qminoethanesu1fonic acid (pH 6.3), except HCI, where the

concentration used was 0.1 M with no added buffer. Note the four distinct conductance states in each

case.

Figure 25. C-terminus functionalised g4 channel cis/trans isomers (from reference 7).
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The four possible cis / trans combinations were then responsible for the four observed

conductance levels. It was additionally observed in control experiments, that the
positively charged group was essential for the production on this effect. The obstruction
of the gE cis isdmer channel by the pendant ammonium group is an example of the ball
and chain model of channel inactivation proposed by Armstrong and Benzanilla.? In
this model a change in potential causes one part of the molecule to activate which
results in debolarisation and opening of the channel. Elsewhere in the same molecule
inactivation occurs when a different part, a pendant group (the ‘ball’) which is attached
by a flexible linkage (the ‘chain’), moves to occlude the channel opening. The ball is

positively charged and depolarisation confers a negative charge on the binding site
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Chapter 5
- SECM of Peptide Ion Channels

5.1 Introduction

The study of the interaction of channel-forming synthetic and natural peptides within
phospholipid membranes is an area of increasing interest.*® The pore-forming
mechanisms and ion-selectivities of several peptide antibiotics have been extensively
investigated using a variety of techniques, amongst the most prevalent of which are
fluorescence microscopy, FT-IR, electrophysiology, AFM and NMR. The dynamics of
charge-transfer in bilayer lipid membranes (BLMs) is usually probed by patch-clamp
amperometric microelectrodes.to probe ion-fluxes in biological membranes*>° In this
chapte} scanning electrochemical microscopy (SECM) using ultra microelectrodes
(UMEs) was used for further investigation of the ionic conduction of gA and its

potential-dependent analogue gAN.

5.1.1 SECM and ion channels

The development of scanning electrochemical microscopy (SECM) techniques in the
late 1980s by Bard and his co-workers,” resulted in several publications on the use of
this technique in probing the kinetics of ion-transfer (IT)**!° and electron-transfer (ET)

11,12,1
processes 3

on monolayers at the interface between two immiscible electrolyte
solutions (ITIES). Tsionsky, Bard and Mirkin'? used SECM to probe the kinetics of ion-

transfer processes on the surface of BLMs using approach curves.

Amemiya and Bard used voltammetric ion-selective microelectrodes to study K*
transfer through gramicidin channels in horizontal BLMs prepared by the brush
technique.®'® The transport of non-electroactive ions like K", Na" and Ca®" is of interest
because of the trans-membrane passage of these ions in biological systems. K*-selective
microelectrodes were fabricated from pulled borosilicate capillaries with silanised walls
and filled with a valinomycin in dichloroethane solution. The microelectrodes were
chafacterised by the steady-state tip current in a range of K concentrations. The ion-
selective microelectrodes were used in the SECM feedback and generation-collection
modes to probe K' transfer through gramicidin channels in glycerol monooleate

bilayers.
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Mauzeroll and co-workers'* used SECM in the substrate-generation tip-collection (SG-
TC) mode to monitor the passage of thallium(l) ions across gramicidin half-channels
imbedded in a dioleoylphosphatidylcholine (DOPC) monolayer supported on a thallium
amalgam HMDE. In SG-TC an electroactive species is generated by the substrate (the
HMDE) and allowed to diffuse into bulk solution where is it detected by a UME (the
SECM tip). In these experiments the electroactive species was TI* which was generated
when the thallium amalgam HMDE was biased to -0.75 V. The TI" was then allowed to
diffuse through to the sensing UME, which was biased at -1.1 V. The tip transient
response for the collection of TI" was repeated at several tip-substrate distances. The
SG-TC experiment was repeated with HMDE substrates supporting bare and
gramicidin-treated DOPC monolayers. An apparent heterogeneous rate constant (kpee =
2.8(x0.1) x 10 cms'l) for the transport of TI" through the gramicidin half-channels to

the tip was obtained.

More recently Cliffel and co-workers have used SECM to probe BLM resistivity,

insertion of alamethicin pores and mass transport of Ru(NH,)>" across reconstituted

phosphatidylcholine (PC) bilayers."”> BLMs were assembled over a Teflon foil aperture
by a mechanism analogous to the closing of a zipper where the tails of the two opposing
monolayers intercalate to form the bilayer.' Since the Teflon is much thicker than the
BLM the two monolayers are unable to zip together all the way to the edge of the
aperture. As a result of this a region forms at the edge of the aperture where the two
monolayers are effectively separated by a pocket of trapped solvent. Because of its
transparent éppearance in optical microscopy the edge region can also be described as

an annulus. The solvent rich annulus is much less resistant to Ru(NH,)?* than the

centre of the BLM as demonstrated by increased feedback current, due to increased
passive ion transport in the annulus region. Area scan experiments were also used to
verify the voltage control of the alamethicin channel. As previously mentioned in
chapter 3 alamethicin is believed to form BLM channels in agreement with the barrel-
stave model.!” The alamethicin monomers adsorb parallel to the lipid membrane and
only incorporate themselves into the membrane when exposed to sufficient membrane

potential (50 mV). A marked increase in Ru(NH, )" permeation was observed when a

positive potential was applied to alamethicin treated BLM, corroborating potential-

dependent channel formation and activation.
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5.1.2 Biological membrane behaviour

A biological membrane inserted with an ion channel can be considered analogous to a
circuit componént. The dielectric constant is a measure or the relative membrane
capacitance which is related to the capacitance C = Q/E where Q is the charge on the
capacitor and E the potential. The lipid membrane has a dielectric constant, £~ 2.0
compared to ~ 80 for water at room temperature.’® Insertion of gA creates a more polar
environment, increasing the dielectric constant and allowing passage of hydrophilic
cations. The effective dielectric constant, &, is assumed to be ~ 20." When a porated
insulating BLM membrane is inserted between two ionic solutions, the ionic current is

limited by the transfer of permeant ions across the membrane.?

The difference between the concentration of cations on either side of the membrane
induces a diffusion flux, J, of jons which is dependent on diffusion coefficients, D, in
the ion-channel and the concentration gradients on either side of a membrane porated

with jon-channels and the potential gradient:

AJ, =—AD, %ﬁﬁ =y, + ar, (69)
Ox dt

Where AD is the difference in diffusion co-efficients of the permeable cations in the
aqueous phase and in the membrane ion channel, v; is the ion transfer rate and 7; is the

concentration of ions on the membrane. The charge per unit time is the current, which

splits into capacitive and a Faradaic term:?'

i=%2FAJ, =%z, FAv, + ZziFA(%j

d
=1F+(-:j;2—jzlp+1(j

71
Vv, = kil_)z((cu _Ciz)exp[_ ZfF(MJD 7D

(70)

Where 4 is the effective area of the membrane, ¢ and ¢, are the electrochemical

potentials in phase 1 and 2 and ¢;; and ¢;; are the concentrations of permeable ions in
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phase 1 and 2 respectively and & *is the potential dependent rate constant of ion

transfer from phase 1 to phase 2 across the membrane.

As the capacitance of the membrane is fixed, the ionic current flows until the charge on
the capacitor is satisfied. An excess of electrolyte solution satisfies this condition. As
increasing potential gradient is applied, an increasingly polar environment is created
within the ion channels. In contact with ions of appropriate radii and charge, an increase

in current is expected as ions pass through the channels.!’

Matsue and co-workers tested the permeability of lipid membrane embedded
alamethicin channels to Ru(NH3)2Jr , Fe(CN)} and I2A soybean lecithin membrane

was prepared over a pinhole and was mounted between the cbmpartments of a two
compartment cell, each of which was filled with equimolar KCl solution. Equal
amounts of alamethicin were added to each compartment. The sensing UME tip was
approached to the cis side of the membrane and the redox active species was added to
the frans compartment. As the tip was biased and at membrane potentials > 50 mV the
current began to increases exponentially with potential, signifying the potential-
dependent insertion of the alamethicin monomer bundles. The ionic current increased
with 5.6" powér of the alamethicin concentration suggesting an average of 5.6
monomers per channel in agreement with the barrel stave model. The equal
compartment concentrations and large excess of KCI over the redox ion meant that the
diffusion current attributable to the redox ion was negligible. Furthermore, owing to the
large excess of KCl ionic current detected at the UME was attributed predominantly to
the movement of K™ and CI ions with the electroactive species having minimal
influence. As in SECM the current response was dependent on the tip-substrate
distance, with greater currents observed approaching the membrane surface. The ionic
flux and permselectivity of each ion was calculated from the current response and
provided a good match With digitally simulated data. The relative permselectivities, Pg,

of the alamethicin channel were found to be 1.0 (by definition), 0.5, 0.27, 0.03 and 0.3
for the K', CI, Ru(NH3)gJr ,Fe(CN)," and I ions respectively. The Pz value of

7 Ru(NH3)2Jr is comparible to the relative diffusion coefficient, indicating that the
selectivity reflects the different mobility of K" and Ru(NH,);*. The low selectivity for

the Fe(CN)?™ ion, which is small enough to pass through the alamethicin channel, was
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explained in terms of electrostatic repulsion between the channel lumen carbonyl groups

and the multicharged anion.

In our experiments egg phosphatidylcholine BLM, formed over a microporous

polycarbonate membrane support,’” was inserted between two aqueous electrolyte
solutions containing equal and excess concentrations of the redox.active Fe(CN){™ ion

to maintain an equal potential on either side of the membrane and to allow the electode
to remain unpolarisable for ionic current measurements (for scenario 2 and 3 vide infra).

The schematic configuration is:

cis trans

x M (K*/TMA’, CI')+y M (4K", Fe(CN) ;)| Membrane | x' M (K/TMA®, CI') + y M (4K, Fe(CN) )

" In the cell the redox active Fe(CN)?~ ions influence the Faradaic current at the UME tip

and maintain the potential gradient across the membrane. With the BLM inserted

between two aqueous solutions three different scenarios exist:

1. The control membrane comprised of a bilayer lipid membrane (BLM) painted on a
polycarbonate membrane behaves as an insulator, except when exposed to potentials

high enough to porate the membrane (Epyae). In the presence of an electroactive

species, Fe(CN)?", therefore, if the UME tip potential is held at a value conducive

to reducing the Fe(CN)é‘ species, as the tip approached the insulating surface, tip

current is affected by hindrance of the diffusion of the electroactive species,
showing a negative feedback approach curve.

2. With gA inserted in the lipid membrane, the ion channel forms a locus at which
permeable cations can cross the membrane and accumulate depending on the
concentration gradient. Approach curves measuring ionic current (see experimental
section) show pH and temperature dependent conducting behaviour, which is
independent of the potential gradient applied to the membrane.

3. With a gAN inserted membrane, the channel does not allow cations to permeate
through the channel when gAN is oxidised due to charge repulsion between the
oxidised nicotinamide moiety and the cation and channel occlusion by the pendant
nicotinamide. In the reduced staté (at < ~ -0.52 V) cations of suitable size and
charge are able to flow through the channel. Approach curves therefore show a
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potential dependent feedback behaviour as the UME tip is in close proximity (~10

pm) to the gAN porated membrane. This is represented in Figure 31:

Figure 31. gAN/ gAN" redox processes at the electrode surface.

The exact theoretical treatment of IT and ET processess in this situation is complex and

will need further investigations to obtain a complete theoretical analysis.

5.1.3  The chemistry of Prussian Blue

Prussian Blue (PB) (Fe,'[Fe"(CN),]) has a basic cubic structure consisting of

alternating Fe** and Fe(CN),~ located on a face centred cubic lattice (Figure 32). At the

centre of the unit cell there is a cavity of sufficient size to entrap cations. The Fe** ions
are surrounded by an octahedral arrangement of nitrogen atoms and the Fe** by carbon
atoms. The unit cell haé dimensions of 10.2 A as determined by single crystal electron
diffraction.”® It is pertinent to give a brief introduction to PB chemistry here because its
use as a dual-purpose electrolyte and electrochromic indicator will be encountered later

on in this chapter.

In solution PB exists as a dispersed colloid, almost homogeneous in nature. At

potentials negative of 0.2 V the outer sphere Fe** ions undergo reduction. The reduced
compound, known as Everitt’s salt (ES) (K,Fe"[Fe" (CN),]), has less colour than PB
and is charged balanced by entrapment of potassium ions in the central cavity. A fully

oxidised form (Prussian Yellow (PY): Fe™[Fe™(CN),]) and mixed valence form

(soluble Prussian Blue (sPB): KFe" [Fe" (CN),]) are also known.
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Fe,'[Fe"(CN),] — 3Fe"[Fe"™(CN),] +Fe’** + 3¢ (72)
Fe''[Fe" (CN),] +K" +e = KFe"[Fe" (CN),]

KFe"[Fe" (CN),] +K" + e = K,Fe"[Fe" (CN), ]

Figure 32. Prussian Blue unit cell.

® =FeIII
T I
® O =Fe'(CN)s
® =vaCancy

Schematic diagram of the Prussian Blue unit cell. The lines between the ions represent CN bridges. At

potentials < 0.2 V the Fe’* ions reduce and the charge is balanced by a cation occupying the central

lattice vacancy.

Rb" and TI" ions are also known to permeate the lattice structure, substituting the two
K" ions of the ES.2* Unlike K* containing ES, where the K" ions are free to permeate
through the lattice structure, the TI" / Rb" analogue has one of the cations irreversibly
bound in the central cavity. This irreversible binding, due to lattice contraction
associated with the first TI" / Rb" being expelled during the initial stage of reoxidation,
prevents the second ion from leaving the cavity thereby inhibiting complete oxidation
back towards PY. At very low potentials (-1.36 V vs. Ag/AgCl) the entrapped T1" ion
can leave the centfal cavity and is reduced to metallic thallium. In this case the charge

of the ES is balanced by influx of K" ions.

Robin performed the first, thus far only, detailed interpretation of the electronic

spectrum of PB.” He concluded that the vivid blue colour was, on the most part, a result

of charge transfer between the Fe"(CN):™ and Fe** ions. Nearly all the opticai

electrons (99 %) are localised on the Fe"(CN);™ ions in the ground state. The paper

also suggested the molecular orbital (MO) diagram for PB, which is shown in Figure
33. Each iron ion has at least five d electrons and the remaining eleventh electron is
located in either the carbon or nitrogen hole, hence the ambiguity in constitution. The
MO diagram shows that the lowest available orbital in the nitrogen hole is less

antibonding than the corresponding orbital in the carbon hole, so the eleventh electron
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would be thought to favour a position there. Though the eleventh electron is thought to
favour the nitrogen hole it is believed inter-electronic repulsion effects actually consort

to place the electron in the carbon hole, which is the location depicted in the figure

below. The definitive configuration is still in doubt.

Figure 33. Molecular orbital diagram of PB (adapted from reference 25).
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Since the size and charge of TI" is comparable to that of K* it could make an interesting
permeant ion for the gA and gAN channels. In previous studies TI' has successfully
been employed as a permeant cation for gA half-channels inserted in various lipid
monolayers.'** K* has an ionic radius of 152 pm (6 co-ordinate, octahedral) and TI*
has an ionic radius of 164 pm (6 co-ordinate, octahedral).”’ Furthermore the
electroactivity of TI" gave rise to the possibility of directly observing movement across

the gAN channel, in contrast to the electroinactive K* ions, which can not be directly
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monitored although their permeation is clearly inferred by the variation in tip current in

proximity to the membrane.

5.1.4  Summary of Chapter 5

In this chapter SECM hsing UMESs was used for further investigation of the ionic
conduction of gA and its potential-dependent synthetic analogue gAN. The peptide
channels were introduced to polycarbonate supported BLMs, which were ‘partitioned
between two electrolyte solutions under experimental conditions. The potential-
dependent switching properties of gAN have been determined by acquiring SECM

feedback curves over a range of membrane applied potentials and electrolyte conditions.

An experiment was designed to test the permeation of gA / gAN to K* / TI* using PB as
dual-purpose eleétrolyte and electrochromic indicator. With a K" concentration gradient
across the membrane biased at negative potential it was expected that K* ions would
migrate across the peptide channels and pass through the cavities in the PB unit cell.
Conversely, with a TI* gradient and negative bias the TI" ions should migrate acrosé the
peptide channels and become irreversibly bound in the cavities of the PB unit cell. The

presence of TI" ions in the PB central cavities can be expected to influence the
Fe" (CN){™ — Fe*" charge transfer process, resulting in a colour change detectable by

UV spectroscopy. In the case of the K gradient, any colour change due to K*
occupation of the PB cavities should be less pronounced due to the transient nature of

these ions.

5.2 Experimental procedure

5.2.1 General approach used in all experiments

5.2.1.1 Apparatus
SECM data was collected using a Uniscan Instruments SECM 270 (Uniscan

Instruments, Buxton, UK) in approach curve or area scan mode. The SECM 270
incorporates two PG 580 potentiostats (Uniscan Instruments, Buxton, UK), a tip
positioning device and software to allow data collection by personal computer. The cell
- was a two-compartment glass cell, with inter-compartment aperture on which to mount
the sample. A 10 pm platinum UME tip (CH Instruments Ltd., Austin, US) was used as
the WE, the RE was an aqueous Ag/AgCl electrode (Bioanalytical Systems, West
Lafayette, US) and the CE was a self-fabricated 1 cm? plat_inum flag. Between
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experiments the UME tip and platinum flag were thoroughly cleaned by soaking in 3:1
(v/v) concentrated sulphuric and nitric acids for 2 minutes, followed by sonication in

high purity water for 2 minutes, rinsing with methanol and drying under a stream of

nitrogen.

5.2.1.2 Preparation of supported BLMs

Supported BLMs were prepared on Whatman Track-Etched polycarbonate membranes
(Whatman, Brentford, UK) of 25 mm diameter and 100 nm pore size. Egg
phosphatidylcholine (EPC) in chloroform (200 ul of a 100 mg/ml EPC solution) was
transferred to a 50 ml round-bottomed flask and the solvent removed in vacuo. The
dried EPC residue was the redissolved in high purity water (1 ml) with vortexing for 15
mihutes. The lipid solution was then painted onto polycarbonate membranes which
were resting on a non-absorbent plastic surface. After fully air-drying the membranes

were turned over, painted on the reverse and allowed to air-dry again.

Each sample was prepared by immersing an air-dried membrane in a solution of 100 ul
of 0.12 mM peptide stock and 900 pl of high purity water (concentration of peptide ~
10° M) and refrigerating for 24 hours prior to use. The peptide stock contained gA or
gAN in methanol depending on the channel of interest. Control samples, containing

methanol in the absence of peptide, were also prepared for comparison.

To avoid future repetition this method of preparing supported BLMs will be referred to

as the ‘standard brush technique’.

5.2.1.3 Cell set-up

The two-compartment cell was clamped firmly in a Faraday cage within the limits of the
UME tip motion. The cell was arranged so that the compartments were vertically
aligned and the inter-compartment aperture was perpendicular to the tip axis. The two
compartments were further separated by a tap which was kept open if the same
electrolyte was used in both compartments. When two different electrolytes were used
the lower (trans) compartmeilt was filled with electrolyte first. To ensure no air bubbles
were trapped in the tap region which could disturb the membrane during the
measurements a small amount of frans compartment electrolyte was allowed to flow
into the upper (cis) compartment before the tap was sealed. The cis compartment was
then drained by pipette before being filled with its own electrolyte. The cell design, with
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both compartments open to the air, ensures equal pressure on either side of the
membrane. The sample membrane was then carefully positioned over the inter-
compartment aperture and secured with a screw down plastic o-ring. The cell was
approximately balanced using a spirit level. More precise balancing was achieved by

measuring for reproducible feedback currents at different points on the membrane

surface.

To avoid future repetition this method of setting up the two-compartment cell will be
referred to as the ‘standard cell set-up’. A schematic of the standard cell set-up is

shown in Figure 34.

Figure 34. Schematic diagram of the SECM standard cell set-up.
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5.2.2  Experiments using KsFeCNg electrolyte
5.2.2.1 Feedback curves of g4 and gAN channels in K and (CH:),N* solutions

A gA sample, prepared by the standard brush technique, was fixed over the inter-
conipartment aperture of the standard cell set-up. Both compartments were filled with
identical solutions of 0.1 mM KsFe(CN)s / 100 mM KCl electrolyte. The tip was
lowered to a height of approximately 10 pum above the membrane surface. The tip-

substrate distance was monitored by a video camera and carefully controlled by
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carefully moving the tip towards the substrate to obtain maximum current. On occasions

where the UME tip accidentally touched the membrane surface a dip in current was

observed.

A potential of -1.0 V was applied to the UME tip which was then retracted from the
membrane surface in 1 um increments up to a tip-substrate distance of 110 pum (100 pm
further from the membrane than the start position). The current was recorded as a
function of distance throughout the divergent tip motion. Data were also collected for

applied tip potentials at 0.1 V increments up to 1.0 V.

The feedback curve measurements described were repeated in 0.1 mM K3Fe(CN)g / 100
mM KCl electrolyte with gAN and control membranes before the electrolyte was
replaced with 0.1 mM KjFe(CN)s / 100 mM (CH3);NCl and otherwise identical

measurements performed on the four membrane types.

5.2.2.2 Area scan experiments.

The standard cell set-up was used with both compartments filled with 0.1 mM
K3Fe(CN)s / 100 mM KCl electrolyte and the tip was positioned at a tip-substrate
distance of 10 um. For platinum wire and foil targets the tip was biased at 0.6 V vs.
Ag/AgCl. To observe the electroporation of a control membrane the tip was biased at -
0.8 V. The tip was moved over the substrate region of interest at a rate of 1 pms™ and

the current recorded as a function of lateral tip position. Plots of the current profile were

obtained.

5.2.2.3 The variation of gAN switching potential with pH

Potassium hydrogen phosphate buffers with pH 6.0, 6.5, 7.0, 7.5 and 8.0 were prepared
by using the appropriate ratios of mono- and di-hydrogen phosphate salts. The buffers
were made up to 0.1 mM in K3Fe(CN)s. A gAN sample, prepared by the standard brush
technique, was fixed over the inter-compartment aperture of the standard cell set-up.
Both compartments were filled with identical solutions of phosphate buffer electrolyte.
Feedback curves were obtained at applied tip potentials of -1.0 V — 0.0 V at each
buffer pH.
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5.2.2.4 The variation of gAN switching potential with temperature

A gAN sample, prepared by the standard brush technique, was fixed over the inter-
compartment aperture of the standard cell set-up. Both compartments were filled with
identical solutions of pH 7.0 phosphate buffer which was also 0.1 mM in K3Fe(CN)s.
The electrolyte temperature was regulated by passing heated water through the cell
jacket. A thermostatic bath (Fisons Haake D8, accuracy + 0.2 °C) was used and the
electrolyte temperature was double-checked by digital thermometer. Feedback curves
were obtained at applied tip potentials of -1.0 — 0.0 V over an electrolyte temperature

range of 0 — 50 °C.

5.2.3 Experiments using Prussian Blue electrolyte

5.2.3.1 Preparation of Prussian Blue

An aqueous solution of iron(II) chloride (0.76 g, 6 mmol in 5 ml) was added to an
aqueous solution of potassium ferricyanide (2.0 g, 6 mmol in 10 ml) with stirring. The
dark blue solution was stirred for 30 minutes then left to stand overnight, resulting in
the separation of the prbdugt as a fine black precipitate. The product was isolated by

filtration, washed with water and dried at 80 °C for 24 hours.

5.2.3.2 Feedback curves of g4 and gAN channels in Prussian Blue solution

A gA sample, prepared by the standard brush technique, was fixed over the inter-
compartment aperture of the standard cell setup. A K* concentration gradient was
established across the membrane by filling the frans compartment with 0.1 mM
Prussian Blue / 10 mM KNO; and the cis compartment 0.1 mM Prussian Blue only.
Feedback curves were obtained with the tap closed and then at 5 minute intervals after
the tap was opened up to 30 minutes. Immediately before each feedback measurement a
dip sample of the cis compartment electrolyte was obtained from the inter-compartment
aperture region. The measurements were repeated with the frams compartment
electrolyte substituted with 0.1 mM Prussian Blue / 10 mM TINO;. Data were also

collected for gAN and control samples in both electrolyte compositions.

5.2.3.3 UV spectra of Prussian Blue dip samples

UV-visible spectroscopy was used to monitor the absorbance of the membrane surface
PB electrolyte in the upper compartment of the cell. Samples were obtained by

removing small (~ 0.5 ml) aliquots of electrolyte at regular time intervals throughout the
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Chapter 6

Chronoamperometry and Voltammetry

6.1 Introduction

6.1.1 Monitoring the passage of ions across gramicidin channels

Chronoamperometry is a convenient method of monitoring the passage of electroactive
- ions across transmembrane peptide channels at the electrode surface. Nelson and co-
workers have previously used chronoamperometry and cyclic voltammetry to study the
reduction of TI" at gA-treated DOPC-coated mercury electrodes.!”? The TI(I) / TI(Hg)
reduction process is known to occur very rapidly at uncoated mercury electrodes’
meaning the rate limiting step is the diffusion of TI" through the gA channel in the
system studied. In these experiments chronoamperometry was performed by applying
potential steps in the potentiél range and more negative of the TI(I) / TI(Hg) redox
process. The resulting current-time plots showed two distinct regions — the first of
which, an exponential current decay, was attributed to inactivation of the monomer
channel conduction and the second region, a current quasi-steady-state, was due to
diffusion of ions to the surface reaction. Normalised current-potential plots demonstrate
a linear relationship between TI" perfneation and gA concentration and show that, in
contrast to the behaviour of the TI" permeant ion, Cd*' ions are unable to pass across the
gA channel. At potentials more negative than -0.7 V the membrane becomes non-
selectively permeable due to an increase in structural defects. It was also reported that
vincorporation of aromatic or conjugated compounds into the DOPC monolayer caused
an increase in the reduction current by decreasing the rate of channel inactivation and

increasing their stability.

The permeation of TI" ions through gA half channels has been further studied by
Mauzeroll and co-workers.* In their experiments they prepared DOPC monolayers at the
surface of an HMDE which was preloaded with thallium. The lipid coated HMDE acted
as substrate in a substrate-generation tip-éollection (SG-TC) mode SECM experiment.
When positively biased, so as to oxidise the HMDE-borne TI° to TI", the untreated
monolayer displayed negligible voltammetric response indicating uniformity and
completeness of surface lipid coverage. Conversely, treatment of the lipid substrate with
gA resulted in an increase in voltammetric response due to T1" collection at the SECM

tip, clearly indicating the passage of ions from the HMDE across the DOPC monolayer.
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The UME collection tip current for TI" generated at the HMDE that diffuses through the
gA half channels is given by:

i,=4nFDC,(b,t )a (73)

where i is the tip current, # the number of electrons, a the tip radius and D the diffusion
coefficient. In this case Cy(b,2) represents the concentration gradient of TI' at the
electrode surface. Cy(b,¢) is a complicated Laplace transformation dependent on the
apparent heterogeneous rate constant (k) for the transport of TI" through the gA half
channels. Calculation of Cy(b,t) gave a ky, value of 2.8 * 0.1) x 10* cms™.
Heterogeneous electrode kinetics like those exhibited by the reaction of TI" at the

electrode surface are considered further below.

6.1.2 Heterogeneous electrode kinetics

The rate of heterogeneous electron transfer is a fundamental issue of electrochemistry.
In the late 1950s Rudolph A Marcus, winner of the 1992 Nobel Prize for Chemistry,’
developed a theory to account for outer sphere electron transfer.*” Marcus® work has
subsequently been extended to inner sphere electron transfer by Noel Hush and further -
refined to take into consideration heterogeneous electron transfer.>® Marcus suggested
the following expression for the theoretical calculation of &° in a heterogeneous electron

transfer process:

' (74)
ko = keIZhet exp(— 4G J '
kB

Where k,; = 1 for an adiabatic process (where there is no loss or gain of heat), Z,, is the
collision frequency of a reactant molecule on the electrode surface, 4G" is the free
energy of activation for the forward electron transfer and the other symbols have their

usual significance. The value of Z is obtained from:

. [kBT)_ RT (RT) (73)
T 2mm )\ 2mmN, )\ 2mu
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Where N}, is Avogadro’s number, m and M are the reduced and molecular mass of the

reacting species. The value of AG” is obtained from:

AG*=W0+[!/1+WR—WO! ] (76)

47

Where w” and w¥ represent the work required to transport oxidised and reduced species,
respectively, from bulk solution to the reaction site. The term A represent the

reorganisation energy, which is composed of the inner (4,) and outer (40) components as

follows:
A=4+2, 77

The values of 4, can be obtained from the following equation:

2 (78)
8reg, ne &

Where r is the radius of the reactant molecule, R, the distance from the centre of the

molecule to the electrode surface, N;, is Avogadro’s constant, g the intrinsic barrier
term, g the permittivity of free space, n the refractive index and &, the static dielectric

constant of the solvent.

Although Marcus’ equations give a thorough evaluation of &° they can not conveniently
be applied directly to CV. Several investigations have sought to relate the CV peak
potentials, the separation of which depends on the reaction rate, to the heterogeneous
rate constant, &°. Early polarography and CV investigations by Nicholson proposed a
direct relationship between a function y (which depends on the CV peak separation) and

the rate constant, £°:!%!!

£° (79)

v w/iﬁaDi

nFv (80)
a=——-

RT
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Eisner’s method also provides a comparatively simple method of evaluating £° from CV
data:'?

(81)
logk® =—0.48a.+0.52 +log (”F avD J

2.303RT

One of the most recent methods of evaluating ¥° is that of Kochi who reported the

following expression:'?

k°=2.18 (

avnFD) o’nFAE,|  (82)
exp| ————=
RT

Where a is the dimensionless transfer coefficient, » is the number of electrons
transferred, v is the scan rate, 4E, is the peak separation, D is the diffusion coeffi¢ient in

cm’s™ and the other symbols have their usual significance.

6.1.3  The relationship between homo- and heterogeneous electron-transfer in solution

Marcus proposedM’15 that for an ML&D+/2+ couple (like Fe(CN); /Fe(CN);™) the free
n [3 [3

energy of activation of the heterogeneous electron-transfer, AG,,, should be
approximately half that of the corresponding bimolecular homogeneous electron-

transfer, AG,_. In the case of an adiabatic outer-sphere mechanism the free energies of

activation, AG; , are given by the following equation:

; (83)
k; =Z, exp[— 4, J
RT

Where £; is the rate constant of the electron-transfer process and Z; is the pre-

exponential factor.

Given that AG, ~ éAG; then:
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ko (k)" (84)
zZ, |z |

el ex

Unfortunately the pre-exponential factor values Z,; and Z,., have different dimensions
and are not clearly definable, meaning equation 84 is difficult to test experimentally. Yu
and Swaddle have used AC voltammetry to observe the effect of pressure on the
volumes of activation, AV, and AV, of the hetero- and homogeneous processes

respectively.'® The value of A¥; at constant temperature is given by:

. 85
47, :_RT(alnk,} (85)
T

oP

If Ze and Z,, are assumed to be independent of pressure, then given equation 85 it

should also be true that:

(86)

The volumes of activation can therefore be used as a convenient means of observing the
relative magnitudes of Z; and Z, and testing the accuracy of Marcus’ predictions. AC
voltammograms were obtained over a pressure range up to 200 MPa for several
common redox couples. Values of & obtained from equation 85 were converted to the

corresponding AV values, which were then compared to previously calculated AV,

values.

(2D, Dy0) " (87)

(a_aﬂ_ﬂkel )

[cot Glae =1 +

Where ¢ is the phase angle, Dy and Dy the diffusion coefficients of the oxidised and
reduced species respectively, a and B the transfer coefficients for the reduction and

oxidation processes respectively and @ = 2#f. Note that f = 1 — q.

The data obtained showed a good correlation between AV,; and AV,,, the latter being

approximately twice as large for each of the couples investigated, leading to the
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relationship being termed the ‘fifty percent rule’. Subsequent work by Fu and Swaddle

has applied this method to a wide range of common organometallate redox couples.!”!8

6.1.4  The influence of supporting electrolyte on the Fe(CN )i~/ Fe(CN )} couple

Voltammetry of the Fe(CN)} /Fe(CN); couple with carbon microelectrodes in the

absence of KCI supporting electrolyte shows complete suppression of the reduction
process. This suppression was attributed to the ‘dynamic diffuse layer effect’ in which
transport of the chatged reactants across the diffuse part of the electrolyte double layer
limits their rate of redvuction.19 The -influence of ion pair formation between the
Fe(CN); /Fe(CN); couple and supporting electrolyte alkali metal cations on the rate

and mechanism of electron transfer has also been investigated.?®?!

Using microélectrodes and the current impulse method Peter and co-workers?!
demonstrated that the rate of the Fe(CN)}"/Fe(CN):™ redox process showed first order
dependence on the concentration of supporting electrolyte.cation. They showed that the
catalytic influence of the supporting electrolyte cation increases in the order Li* < Na' <
K" ~ Cs*. The apparent anodic exéhange current density, i;, of a simple electrode

process can be written as:
i2 =nPkS ey 1y Jobecs (38)

Where £, is the apparent rate constant, Cp, Cg and Y0, j}R are the concentrations and
activity coefficients of the oxidised and reduced species respectively, a is the transfer
coefficient and y* is the activity coefficient of the activated (transition state) complex. A
special case arises where Cp = Cr = Cg, where Cg is the concentration of the

electroactive species if the term y 5 v& /v" is independent of C:

i2 = PRy /1y )Cs (89)

According the equation 89 a linear dependence of iJ on Cg should be observed if Cj is

independent of y5* ¥z /7", however, deviation from linearity was observed when the

concentration of hexacyanoferrate ions was changed in a KCl background electrolyte.
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This unexpected observation caused Peter and co-workers to refine the equation for an

experimental rate constant, k.., » to simply the following:

S . (90)
P nFC,

This refinement takes into account that in very dilute solutions y — 0 and that a ~ 0.5.
The changes in kg, brought about by varying the nature and concentration of the

supporting electrolyte were large enough to justify the use of this approximation for the
purposes of comparison. The first order relationship between rate constant and
electrolyte concentration was later corroborated by Campbell and Peter, who used AC

impedance spectroscopy to observe the effect of K concentration on the heterogeneous

rate constant of the Fe(CN)}™/Fe(CN)?™ couple.??

Beriet and Pletcher carried out a -cyclic voltammetry investigation of the
Fe(CN); /Fe(CN);™ couple using platinum microelectrodes.? It showed that the formal
potential shifted to a more positive value with increasing electrolyte concentration. This
potential shift was attributed to greater interaction between the supporting electrolyte
cation and Fe’* form over the Fe’* form. Beriet and Pletcher also observed that
inclusion of St** in the supporting electrolyte resulted in'the potential shift being even
more pronounced than in the case of the monovalent cations. This observation implies
that divalent cations interact with the F e** form much more than monovalent cations do.
From their observations they were able to slightly revise the catalytic trend proposed by
Peter and co-workers which was mentioned earlier. For a given concentration of
~ supporting electrolyte the Fe(CN): /Fe(CN):" rate constant occurs in the order of Li* <
Na" < K* < Sr**. Furthermore it was observed that when the rate constant and
electrolyte concentration were low it was difficult to obtain reproducible vbltammetric
results. It was suggested that low concentrations of supporting electrolyte meant there
were insufficient cations to associate with the highly charged Fe(CN): / Fe(CN);™ ions
thereby inhibiting their decomposition at the electrode surface. As a consequence of this
Fe(CN). /Fe(CN);™ ions became adsorbed to the electrode surface in low concentration

electrolyte.
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6.1.5 Summary of Chapter 6

In this chapter the reproducibility of the gAN potential-dependent switching behaviour,
commented on in the SECM experiments of Chapter 5, was tested by observing the
current response to successive potential pulses in chronoamperometry. By analogy to
the work of Nelson, Mauzeroll and co-workers cyclic voltammetry was used to test the
permeation of TI" and Eu®** across peptide ion channels. Unlike previous work that
utilissd HMDE-supported lipid monolayers this investigation involved the preparation
of sﬁpported BLM directly on a gold electrode surface. The supported lipid bilayer was
then treated with the channel forming peptides gA or gAN and cyclic voltammetry
performed in a range of electrolyte solutions containing K3Fe(CN)s, TINO3, Eu(NO;3);
and KNOs. Finally, cyclic voltammetry was used to observe the influence of a wide

range of supporting electrolyte cations on the transfer coefficient, diffusion coefficient

and heterogeneous rate constants of the Fe(CN); /Fe(CN); redox couple.

6.2  Experimental procedure

6.2.1 Apparatus

CA, DP and slow scan CV data were collected using a PG 580 potentiostat (Uniscan
Instruments, Bﬁxton, UK) and associated software. Fast scan CV was performed using a
Potentiostat-Galvanostat Model 283 (Princeton Applied Research, Oak Ridge, US)
connected to an Amel 7805 High Speed Wave Generator (Amel, Milan, Italy) via the

external input.

A self-fabricated 10 ml glass cell was used. The RE was an aqueous Ag/AgCl electrode
(Bioanalytical Systems, West Lafayette, US) and the CE was a self-fabricated 1 cm?
platinum flag. The working electrode was either a 1.6 mm gold or platinum electrode
(Bioanalytical Systems, West Lafayette, US) or a 10 um platinum UME (CH

Instruments Ltd., Austin, US) depending on the experiment.

6.2.2 Chronoamperometric measurements

A polycarbonate membrane was secured over a 1.6 mm diameter platinum electrode
(Bioanalytical Systems, US) with a rubber o-ring. The membrane was positioned so that
the polycarbonate was tight to the underlying platinum surface. EPC aqueous
suspension prepared as before was painted onto the polycarbonate surface. During EPC

application the polycarbonate was smoothed with the brush to prevent air bubbles being
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trapped between the platinum and membrane and to ensure a flush seal between the
membrane and active electrode surface. The membrane coated electrode was inverted
and the EPC allowed to air dry before the electrode was suspended in a solution of 100
pl of 0.12 mM gAN in methanol and 900 pl of high purity water (concentration of gAN
=12x10° M) and refrigerated overnight. The electrode was then immersed in a 100
mM tris buffer (pH 7.0) / 1 mM K3FeCN solution and CA performed with a sequence
of 10 s potential-steps between -0.55 V (t = 0 s) and -0.1 V. The electrolyte solutions
were purged with argon for the 5 minutes immediately prior to the chronoamperograms
being recorded. A plot of current against time was recorded for each potential-step.
Measurements were repeated with identically prepared membrane coated electrodes

immersed in tris buffer with TINO; and Eu(NO3)s.

6.2.3  Cyclic voltammetry of self-assembled BLMs on gold electrodes

A 1.6 mm diameter gold electrode (Bioanalytical Systems, West Lafayette, US) was
immersed in a solution of 20 mg phosphatidylthioethanol (PTE)(Avanti Polar Lipids
Inc., Alabaster, US) in 1 ml of chloroform and refrigerated. In order to monitor the
formation of the surface thiolated monolayer CVs were performed with the electrode on
1 mM K3Fe(CN)s / 100 mM KNOs; solution. These CVs were performed at 1 hour
intervals up to 6 hours, then after 12 and 24 hours of PTE immersion time. The CV of 1
mM K;3Fe(CN)g / 100 mM KNO; at 24 hours was identical to a CV of 100 mM KNO;
indicating complete coverage of the electrode surface. After coating with PTE
monolayer the electrode was rinsed and dried under a stream of nitrogen before Being
fused with PC vesicles, to form an overall bilayer. This was achieved by immersing the
PTE treated electrode in a PC vesicle solution, resulting in vesicle fusion and a mixed-

bilayer (PTE lower and PC upper) at the gold surface.

Multilamellar PC vesicles were prepared as follows: PC (10 mg: equivalent to 100 ul of
a standard 100 mg in 1 ml chloroform solution) was placed in a 50 ml round bottomed
flask and chloroform (1 ml) was added. The-mixture was spun on a rotary evaporator for
~ 1 hour until a fine lipid film was deposited on the flask sides. The film was dried
under high vacuum for ~ 5 hours to ensure removal of residual organic solvent. The
lipid film was hydrated by addition of high purity water (1 ml) to the flask and
Vorfexing for 30 minutes on a test tube shaker. There was no need to size the vesicles

since they would burst anyway during fusion with the PTE monolayer._
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The gold electrode supporting the mixed-bilayer was immersed in a solution of 100 pl
of 0.12 mM peptide stock and 900 pl of high purity water (concentration of peptide ~
10° M) and refrigerating for 24 hours prior to use. The peptide stock contained gA or
gAN in methanol depending on the channel of interest. Control samples, containing

methanol in the absence of peptide, were prepared for comparison.

CVs were performed with the peptide treated rﬁixed-bilayer electrode immersed in three
different electrolytes: 1 mM K;3Fe(CN)g / 100 mM KNOs, 1 mM Eu(NOs); / 100 mM
KNO; and 1 mM TINO; / 100 mM KNOs. The electrolyte solutions were purged with
argon for the 5 minutes immediately prior to the CVs being recorded. In each CV the
WE potential was swept from -1.2 V — 0.5 V and a range of scan rates were used. The

CVs of the peptide treated mixed-bilayer electrodes were compared to those of

untreated mixed-bilayer.

6.2.4  Slow scan voltammetry of K;Fe(CN)s in monocationic supporting electrolytes

CVs were performed on various 1 mM K3Fe(CN)s / XNOjs electrolyte solutions, where
X" = Li’, Na', K*, Rb", Cs", NH,*, NMe," and TI'. CV measurements were also
performed in 1 mM K3Fe(CN)s / 100 mM Eu(NOs); electrolyte to observe the affect of

the trivalent Eu’* ion on the position and shape of the Fe(CN)?~ reduction peak. In each

CV the WE potential was swept from -1.2 V — 0.5 V and a range of scan rates were
used. CVs of the supporting electrolyte in the absence of K3Fe(CN)g were also obtained.
A 1.6 mm gold electrode (Bioanalytical Systems, West Lafayette, US) was used as the
WE. The working and counter electrodes were cleaned thoroughly between each
experimental run. This was achieved by soaking in a 3:1 (v/v) mixture of concentrated
sulphuric and nitric acids for 2 minutes, rinsing and polishing with fine alumina slurry
and then sonicating in high purity water for 2 minutes. The electrolyte solutions were

purged with argon for the 5 minutes immediately prior to the CVs being recorded.

DP measurements were performed on the same electrolytes between -0.1 V — 0.5 V

with a pulse height of 0.025 V at various scan rates.

6.2.5 Fast scan voltammetry of K;Fe(CN)s in monocationic supporting electrolytes

CVs were performed on various 1 mM K3Fe(CN)s / XNO; electrolyte solutions, where
X" = Li’, Na*, X, Rb', Cs, NH;*, NMe;" and TI'. CV measurements were also
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performed in 1 mM K3Fe(CN)s / 100 mM Eu(NOs); electrolyte. A 10 pm platinum
UME (CH Instruments Ltd., Austin, US) was used as the WE. The electrolyte solutions
were purged with argon for the 5 minutes immediately prior to the CVs being recorded.
In each CV the WE potential was swept from 0.5 V — -0.1 V at 2 scan rates: 500 Vs’
and 1000 Vs™. CVs of the supporting electrolyte in the absence of K3Fe(CN)s were also

obtained.

6.3 Results and discussion

6.3.1 Chronoamperometry of eAN

The half wave potential, £;,, of gAN at pH 7.0 was measured at -500 mV vs. the
saturated calomel electrode (SCE) compared to -560 mV for the NAD® / NADH

24

couple.”™ The E;; for aqueous solutions for the Fe(CN), /Fe(CN);" couplg is

approximately 121 mV vs. SCE. At potentials lower than the redox potential of gAN (<

515 mV) the ion-channel should be open. The limit of the potential window is defined

by the £, of the Fe(CN),"/Fe(CN); couple and is adequate for our measurements.

Chronoamperometric experiments at which the electrode potential was switched
between gAN channel opened (-0.55 V) and channel closed (-0.1 V) potentials (as
determined by the SECM feedback experiments detailed in Chapter 5) were performed
in the presence of TINO3, Eu(NOs) or K3Fe(CN)s mediators (Figures 45 and 46).
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diffusion coefficient and transfer coefficient values for the Fe(CN); /Fe(CN);™ couple

in a variety of supporting electrolytes were calculated and are shown later in Tables 7
and 8.

When the alkali metal nitrates are used there is a slight shift in the Fe(CN);™ oxidation

peak to more positive potential. For alkali metal nitrate electrolytes the extent of this
éhift appears related to the ionic radius of the cation, with LiNO; having least effect and
CsNO; the most as shown in the upper plot of Figure 55. The CV obtained in LiNO3
electrolyte differs from the others in that it shows slight elongation and increased peak
separation, indicative of slower heterogeneous kinetics and uncompensated solution
resistance. Li" differs from the other electrolyte cations studied in that it has the smallest
radius (90 pm)*® and the lowest ionic conductivity (38.7 S cm? mol™)® explaining the

greater solution resistance.

The middle plot of Figure 55 shows the results obtained for NHsNO; and NMesNO3
supporting electrolytes. The CVs obtained in NH;NO; electrolyte are closely matched
to those obtained in KNOs, differing only slightly in the double-layer capacitance at the
electrode surface. This capacitive variation is accounted for by the different ionic radii
of electrolyte ions specifically adsorbed at the electrode surface. K has a larger ionic
radius than NH," (152 pm vs. 143 pm according to Table 6) meaning the distance
between the capacitor plates of the double layer is greater, resulting in the capacitance
being lower (equation 4). Also note that since K* and NH,* have identical values of
ionic conductivity (Table 6) this factor is preéludéd from having any influence on the
differing voltammogram peak currents. fn NMe4NO; electrolyte the voltammogram is
elongated and flattened similar to, although not quite as pronounced, as the LiNO; case.
Unlike the LiNO; case the voltammogram recorded in NMe;sNOs has retained the shape
of its peaks, suggesting the electrode reaction proceeds at a greater rate. The narrower
shape of the voltammogram also suggests lower solution resistance than the LiNO;

case, which is in agreement with the slightly greater ionic conductivity of the NMe,"

ion.

The lower plot of Figure 55 shows the effect of including the TI" and Eu®" cations in the
supporting electrolyte. Immediately obvious is that, in agreement with Beriet and

Pletcher’s observations with the Sr** ion,® the multicharged Eu’* cation (in the 3+
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oxidation state over the potential range of the Fe(CN);™/Fe(CN);™ couple) causes the

formal potential to shift more positive than lesser charged electrolyte cations do. The
Eu** jon produces a much larger potential shift (~ 120 mV) than the St** ion does (~20
mV). The trend in peak heights (Eu** < K* < TI") matches the trend in cationic radii,
which is again attributable to the thickness and capacitance of the electrolyte double-
layer. Considering ionic radii only the oxidation peak current recorded in the presence
of Euv** appears slightly lower than it should do in relation to the neighbouring peaks
obtained in K" and TI*. This slight irregularity in peak current can be explained in terms
of the increased electrostatic influence of the multicharged ion on the double-layer. In
the presence of TINOj; the forward oxidation peak is shifted to a slightly more positive

potential than in the presence of the alkali metal nitrates.
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LiNO3 300 90 3.46
(cont.) 400 80 4.00
NaNO; 20 160 1.45 0.57 3.24
50 150 2.18
100 150 3.12
200 140 435
300 130 5.38
400 130 6.21
KNO; 20 170 1.61 0.54 6.46
50 170 2.60
100 170 3.72
200 170 5.67
300 160 7.08
400 160 830
RBNO; 20 170 1.60 0.67- 5.19
50 170 2.52
100 170 3.67
200 170 5.44
300 170 6.88
400 160 7.37
CsNO; 20 190 1.59 0.65 5.35
50 180 241
100 180 3.39
200 180 5.10
300 180 6.54
400 180 7.66
NH;NO; 20 160 145 053 3.80
50 160 2.27
100 160 3.13
200 150 472
300 150 5.79
400 150 6.50
NMeNO; 20 100 0.99 0.40 2.81
50 90 1.40
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NMeNO; 100 90 2.26
(cont.) 200 90 3.60
300 80 437
400 80 5.37
TINO; 20 230 1.86 0.51 9.36
50 230 2.93
100 230 4.33
200 230 6.42
300 230 8.36
400 230 9.95
Eu(NO3); 20 290 1.74 0.36 5.82
50 290 2.55
100 290 3.63
200 290 5.38
300 290 6.94
400 290 8.02

The heterogeneous rate constant, k7, of the Fe(CN);~ oxidation was calculated by the
methods of Nicholson,'! Eisner'? and Kochi'® discussed eatlier. The alternative methods

provide a similar trend in kg, value for each electrolyte cation, although Nicholson’s

method (Table 8, column A) gave a much higher £2,, value for the Eu*" ion than the

others. The anomalously high Eu*" result, combined with the fact that Nicholson’s
original experiments were based on a value of & = 0.5, suggest it is the least reliable
method of the three. Furthermore the only method to explicitly consider the peak

potentials, that of Kochi (Table 8, column C), appears to have the closest relationship
between k;,. and Ep, for the data obtained. The data obtained by Kochi’s method
shows that Li" and NMe,", the ions resulting in the lowest E,, values, display the lowest

2 1 values and TI and Eu*, the ions resulting in the highest E,, values, display the
highest %, values. This agrees with the idea that the smaller alkali metal cations like

Li" somehow bind to the Fe(CN); ion and catalyse the oxidation process much less

efficiently than multicharged but similarly sized ions like Eu*". This implies that it is
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charge density rather than ionic radius of the electrolyte cation that is the most

influential factor.

For the alkali metal cation electrolytes the trend in the value of k2, is consistent across
all three methods of calculation, namely: Li* < Na® <Rb* ~ Cs* <K*. This suggests that
K" is the most efficient catalyst of the Fe(CN); oxidation process, which differs
slightly from the previous results of Peter and coworkers,?' which puts Cs" at the top.

Despite the apparent relationship between alkali metal ionic radius and 2 i

(notwithstahding the anomalous position of K* within the series) the ionic radius and
indeed transition state structure can not be the only factor to influence the rate of
catalysis. This is evidenced by the observation that the small Eu>* ion, despite creating a
reactant like transition state, results in the largest peak potential (Epa) and largest
heterogeneous rate constant (£°). Conversely the large NMe," ion also results in a
reactant like transition state, but in this case small values of E,, and #°. The poor
relationship between ionic radius, a and £° is confirmed by the observation that the TI
ion, although being similar in size and charge to Rb* (164 pm vs. 166 pm), results in a
much smaller a (a = 0.514 vs. 0.671) and faster heterogeneous rate (£° = 6.50 vs. 2.80 x

10” cms'l).

These preliminary observations suggest that the values of E,, and k° are not directly
related to either the transition state structure or the size of the electrolyte cation alone.
Eu’* has a very similar radius to Na™ (109 pm vs. 116 pm) yet the transition state
structures (& = 0.357 vs. a = 0.570) and £° values (1.81 vs. 6.51 x 102 cms'l) are very

different suggesting that cation charge as well as radius affect the rate of heterogeneous

electron transfer.

An interesting point is that the rate constants obtained by all three methods are low and
tending towards quasi-reversibility. This has no bearing on the relative order of the rate
constants obtained, but is an unusual observation because the hexacyanoferrate couple is
often quoted as a textbook example of reversible electron transfer. The rate constants
reported in table 8 are similar to those previously obtained at a platinum electrode in a
KCI electrolyte.'® However, unusually low rate constants have been observed before

with platinum,’* boron-doped diamond** and gold electrodes™ and have been attributed
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to the surface adsorption of polymeric hexacyanoferrate film, which can occur at even

low millimolar concentrations of Fe(CN)G_/ Fe(CN),™.

Table 8. Tafe! and kinetic data.

Supporting Ln ip* io/ ud cm™ o /x10° cﬁz 17
electrolyte Y, B C
LiNOs -8.898 6.797 0.632 4.961 1.794
NaNO; -9.070 5.723 3116 5.835 . 1.808
KNO; -9.374 4.233 16.334 8.623 4.700
RbNO; -9.067 5.740 14.650 6.611 2.796
CsNO; -8.457 10.564 14.874 6.906 3.093
NH/NO3 -7.854 19.307 4.243 6.576 2.551
NMeNO; -9.807 2.739 1.244 6.555 1.967
TINO; -7.182 37.807 36.018 10.557 6.495
Eu(NO3); -6.369 85.241 238.670 9.900 6.511

*This.is the Ln iy value obtained directly from the 1.6 mm diameter (0.0201 cm® area) gold electrode.
Recall that Tafel plots were drawn as Ln i (mA) against n (mV) - therefore exp(Ln ig) gives a mA value

which is converted to pA and normalised in the iy column.

'Rate constants obtained by the following methods - A: Nicholson," B: Eisner,"? C: Kochi.”®

From the data collected a few conclusions can be made. Firstly the Epa, o and k° values
obtained indicate that either very small or very large electrolyte cations impose a
reactant like transition state on the oxidation reaction by reinforcing (rather than
distorting) the Fe(CN){~ ionic structure. The data also indicate that small and highly
charged ions, despite imposing low a values, result in the fastest heterogeneous electron
transfer as confirmed by the shift in E,, and &° values. Electroactive cations (Eu®>" and
TI") appear to have more catalytic influence that similarly sized and charged
electroinactive ions. It is also likely that the slow heterogeneous kinetics result from an

electrode surface adsorbed hexacyanoferrate film.

6.3.4 Fast scan cyclic voltammetry of the Fe(CN ).~ /Fe(CN )}~ couple

From the slow scan CV data it was clear that further investigation of the
Fe(CN); oxidation process was required. To this end fast scan CV at platinum UMEs

was attempted using the same electrolyte systems. Unlike slow scan CV, where the
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duration of the potential sweep is sufficiently long to allow complete reaction at the

electrode surface, the rapid sweep of fast scan CV means the concentration of the

reactant may never reach zero. A consequence of this is that the oxidation peak occurs

at a much higher potential than the reactant actually begins to oxidise. The inverse is

true of the reduction peak. This time lag results in enhanced peak separation and allows

the study of ultrafast heterogeneous kinetics and coupled homogeneous events that are

masked by conventional diffusional controlled voltammetry.

The preliminary fast scan CV data collected in this investigation are shown in Appendix

2.
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Chapter 7

Scanning Kelvin Nanoprobe and Impedance Spectroscopy

7.1 Introduction

7.1.1  Scanning Kelvin nanoprobe

The Kelvin probe method of measuring work functions, the theory of which was
discussed previously in Chapter 2.1, has primarily been used for surface chemistry
applications such as monitoring corrosion, stress and semi-conductors. Biological
applications have thus far been limited to the study of protein and nucleic acid
microarrays. The Kelvin probe is well suited to this sort of work due to its ability to
sense changes in conducting properties of the substrate surface. With microarray spot
density continually increasing the errors encountered with standard confocal fluorescent
microscopy are magnified. The low brightness of fluorescent dyes, combined with
background interference and the dyes themselves interfering with the arr’ahgement of
the nucleic acids, all cause issues with detecting hybridisation. The Kelvin probe is a

useful high-resolution, non-contact, label-free method of collecting data from each

array.

Figure 58 depicts the power of the SKN detection protocol.! In this experiment a
conventional glass slide, which had been subjected to DNA hybridisation events (the
‘zipping’ of this single strand with a complimentary strand) followed by fluorescence
detection, was examined under the SKN. A 4 x 4 spot array was observed in finer detail,
revealing a clear correlation between fluorescent intensity (Figure 58(a)) and work
function (Figure 58(b)). CPD and topography measurements were also obtained to

assess the homogeneity ofa si‘hgle spot.
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7.1.2  Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) provides a useful, non-invasive method
of characterising the electrical properties of many systems.* The theory behind EIS was
discussed previously in Chapter 2.5. The technique was first used in 1925 to provide an
estimation of the membrane thickness of red blood cells.” It wasn’t until some 30 years
later that the impedance-measured thickness was confirmed by electron microscopy.
Low frequency EIS has proved an invaluable probe for the submolecular domains of
bilayer membranes and has achieved a spatial resolution in the order of 0.1 nm.*’” Even

modern day X-ray crystallography and electron microscopy can not match the high

resolution results afforded by EIS.

The interaction of gA, g-BOC and g-des with DOPC and DOPC/PS mixed monolayers
has been studied by Nelson and co-workers.® HMDE supported monolayers were
utilised because the N-terminal modified peptides, which are physically prevented from
stacking N-terminal-to-N-terminal, display very poor channel cation conduction in
phospholipids bilayers. Passage of TI' across the channels was observed
voltammetrically and peptide-lipid interaction was assessed by membrane capacitance
determined by EIS.

Gold electrode EIS studies have largely been confined to measurements of unsupported
‘black’ lipid membranes. The group of Naumowicz and co-workers are particularly
active in this field and have used EIS to study the dimerisation of gramicidin D (gD)
and subsequent transport of monovalent cations across the BLM.® A point to note is that
the naturally occurring gD mixture was used in these experiments and no effort was
made to separate out the component structural variants. BLMs of comparible thickness
to those occurring in nature were obtained as bubbles at a Teflon aperture segregating
two KCl electrolyte solutions. The equivalent circuit is shown below in Figure 59.
Recall from section 2.5.2 that the total (observed) impedance, Z, of the system is a

combination of real, R, and imaginary, X, values.
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Figure 59. Equivalent circuit of PC membranes modified with gD.
Rpc XPC’

—

RGG XGG

-

Rpe, Xpc — impedance of pure phosphatidylcholine bilayer; R, Xgg — impedance associated with gD
dimers.

Assuming the membrane and channel impedance components are in parallel (as shown

in Figure 59) the total impedance of the membrane is given by the following equation:

N S )]
R_jX RPC"jXPc RGG_jXGG

The real and imaginary components of the total impedance associated with the gD

channels are given by:

_R(R2 4+ X2 )R (R?+ x?) (92)
GG (RPC - R)2 + (X PC -X )
X, - X(R2 + X2 )- X, (R? + x7) (93)

(RPC _R)2 +(XPC _X)2

The dimerisation equilibrium constant, K;c, of gD can be written in the form:

c (94)
Ko = Gf;z
Cs
Cr =C; +Cyp ' (95_)
e =5 pcM pc ‘ (96)
=
- nMg
K3y =eyeil el o7

Where ¢ is the surface concentration of gD monomer (mol cm'2), ¢gG is the surface
concentration of gD dimers (mol cm™), c7 is the total concentration of gD in the BLM,
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spc is the surface concentration of phosphatidylcholine in a pure lipid membrane (mol
cm™), Mpc is the phosphatidylcholine molar weight (752.08 g mol ™), Mg is the gD
molar weight (1880 g mol™)'° and n is the gD to phosphatidylcholine weight ratio in the

forming solution.

Nyquist plots were obtained for BLMs in five different concentrations of gD and KCl as
well as for unmodified BLMs. Both imaginary and real impedance components were
observed to be 2 orders of magnitude less for the gD treated membranes compared to
the untreated ones. Semicircular plots were obtained consistent with the BLM acting as
a dielectric with leakage. Slight distortion of the circles arose due to uneven distribution
of lipid. The imaginary and real impedances due to the presence of gD dimers (X5 and
Rog) only show a linear relationship indicating Warburg impedance, Zy, predominates.
Zy is the impedance characteristic of a diffusional process at the electrode layer.
Calculation of the Warburg coefficient, o, allowed the determination of the surface
fraction occupied by active gD dimers (the coverage), ® (0 < @ < 1), and the area
occupied by a single gD dimer, 4g. The 4 value obtained, 124 + 1 A2 per molecule,
was reported unequivocally for the first time althoﬁgh most previous reports have

placed the value in the range 120 — 150 A2 per molecule,! %13

The same research group has also used EIS to study a two-component lipid membrane
composed of phosphatidylcholine (PC) and phosphatidylethanolamine (PE)."* These
lipids were chosen due to their high occurrence in nature and are known tb assemble
into a 1:1 bilayer complex.!® As with their earlier work, the BLM bubble was assembled
on the aperture of a Teflon cap and KCl electrolyte was used. The Nyquist plots

obtained showed impedance semicircles (Figure 60).
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Figure 60. Nyquist plots of different BLMs."
2,145+
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Nyquist plots over the frequency range 0.1 Hz — 10 kHz Jor a membrane made of PC (A), PC-PE (R) or

PE (®). The solid line represents best fit in all cases. Inset shows equivalent circuit.

The Nyquist plot shows that the spectra of the PC-PE bilayers are higher than those of
PC only membranes, confirming the successful incorporation of PE into the bilayer and
demonstrating the effect on membrane capacitance and resistance. The dependence of
PC-PE membrane capacitance, C,,, on molar fraction of PE was also plotted. The plot
produced deviated from linearity suggesting the presence of some inter-layer bonding
within the membrane. A general trend of decreasing capacitance with increasing PE
molar fraction was observed. This was explained in terms of increasing membrane
thickness with PE incorporation. The dielectric constant of the membrane also decreases

with increasing PE mole fraction.

As series of equations were deduced, that would lead to the calculation of the PC-PE
stability constant and complex dimer surface area. Capacitance values of 0.62 + 0.02 Ny
em™ (PC) and 0.32 £ 0.02 uF cm™ (PE) and resistances of (2.30 + 0.25) x 10° Q cm?
(PC) and (3.20 + 0.42) x10° Q cm? (PE) were reported, corresponding to the pure
mono-lipid bilayers. Knowledge of the maximal surface concentrations of PC (1.96 x
10" mol m'2) and PE (2.23 x 10" mol m™) in the pure mono-lipid bilayers allowed the
determination of the area occupied by one PC-PE complex molecule. This value was
calculated as 155 A% which compares favourably with an earlier reported value of 154
AP A stability constant of (2.66 + 0.42) x 10% m? mol was reported for a BLM with

equal mole fractions of PC and PE.

7.1.3  Summary of Chapter 7

Our experiments are aimed at the preliminary characterisation of a similar two-

component lipid membrane by EIS and SKN. The lipid components, PC and PTE, have
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been chosen primarily because the PTE terminal sulphide provides a convenient anchor
to a gold electrode surface. Unlike the previous experiments with black lipid
membranes our investigations utilised gold-supported PTE-PC bilayers. The reason for
this was two-fold: firstly, our SKN set-up at Durtham does not allow for the analysis of
liquid samples and secondly, an underlying gold surface allows for the detection of

analyte ions immediately beyond the BLM ion channels.

7.2 Experimental procedure
7.2.1  Electrochemical impedance spectroscopy of . self-assembled BILMs on_gold

electrodes

EIS measurements were performed using a Solartron 1260 Impedance/Gain-Phase
Analyzer connected to a personal computer. The ZPlot software supplied with the
Solartron 1260 was used to collect, plot and interpret the raw impedance data. A self-
fabricated 10 ml glass cell was used. The working electrode was a 1.6 mm gold
eleétrode (Bioanalytical Systems, West Lafayette, US). The geometrical area of the gold
electrode was 0.02 cm® The RE was an aqueous Ag/AgCl electrode (Bioanalytical
Systems, West Lafayette, US) and the CE was a self-fabricated 1 cm? platinum flag.

BLM was applied to the gold WE in the same manner as described previously (section
6.2.3). Once again, the supported BLMs were treated with gA, gAN or methanol
(control). EIS was performed with the peptide treated mixed-bilayer electrode immersed
. in three different electrolytes: 1 mM K3;Fe(CN)s / 100 mM KNOs, 1 mM Eu(NO3)s3 /
100 mM KNO3 and 1 mM TINO; / 100 mM KNOs. In each case a DC bias of -0.6 V
‘was applied to the WE and an AC frequency range of 1 MHz —> 0.1 Hz was used. A
Nyquist plot of imaginary current, Jiqg, against real current, .., was obtained for each
electrode / electrolyte combination. Results were also obtained for a range of DC bias

values up to 0.5 V.

7.2.2 Scanning Kelvin nanoprobe scans of self-assembled BLMs on gold substrates

A gold coated glass slide was used as the substrate. The slide, fabricated by Durham
University, Department of Engineering, was produced by electron beam evaporation of
gold and the flatness of the bare surface assessed by AFM (Figure 61). BLM was
applied to the gold in the same manner as described previously (section 6.2.3). The slide
was placed onto the piezo table and clamped with a conducting wire to ensure ground

connection. The Scanning Kelvin nanoprobe was controlled via a desktop PC running a
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RT | (101)

Kopp =—5————
P F'Re,[4]

where [4] is the concentration of electroactive species at the electrode surface.
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Table 10. Impedance data corresponding to the charts in this chapter7

Chapter 7: Scanning Kelvin Nanoprobe and Impedance Spectroscopy

F igufe Electrode - Electrolyte Applied Low (Rs)/ High (Rs + Estimated Rcy/ | Estimated Cpy/ g % Kapp! s
treatment potential/ V (o Ren)/ © Q F
Figure 64. Bare gold 100 mM KNO; -0.6 2.308 x I1(? 3.031 x 10° 72.3 1.047 x 10° 0 -
PTE-PC gold 3.324 x 10° 1.668 x 10° 1.635 x 10° 1512 x 10° 99.956 -
Figure 67. Bare gold 1 mM TINO; / -0.6 2.307 x 10° 3.034 x 107 72.7 1.052 x 10°° 0 -
PTE-PC gold | 100 mM KNO; 2.943 x I(P 1.683 x I0° 1.654 x 10° 1191 x 10° 99.956 1.610 x 107
PTE-PC gA 3.957 x 10° 1.572 < 10° 1532 x 1° 1.275 x 10° 99.952 1.738 x 107
PTE-PC gAN 3.894 x 10° 1655 % 10° 1616 x 1° 1.210 x 107 99.955 1.648 x 10”
Figure 68(a). PTE-PC gA 1 mM -0.6 3.832 x10° 1.572 x 10° 1.534 x10° 1.275 x 10° 99.953 1.736 x 107
K;Fe(CN)g / -0.5 3.872 x 10° 1.569 x 10° 1.531 x 10° 1.277 x 107 99.952 1.739 x 107
Figure 68(b). | PTE-PC gAN | 100 mM KNO; -0.6 3.753 x I10° 1.571 x I 1.533 < 10° 1.275 x 10° 99.952 1.737 x 10”
-0.5 3.767 < 10° 1.593-x ]0° 1.556 x 1P 2.509 x 10° 99.953 1.711 x 107
Figure 69(a). PTE-PC gA 1 mM TINO; / - 0.6 3957 x 10P 1582 x 10° 1542 < 10° 2527 x 107 99.952 1.729 x 107
100 mM KNO; 0.5 3.947 x 10° 1.581 x 10° 1.541 x 1° 2.529 x 10°® 99.952 1.728 x 107
Figure 69(b). | PTE-PC gAN -0.6 3894 x 109 1.540 < I0° 1.501 x 1° 5.180 x 107 99,951 1.774 x 107
-0.5 3.243 < 10° 1573 x 10° 1.541 x 10° 1.274 < 10° 99.953 1.728 x 10°
Figure 70(a). PTE-PC gA 1 mM -0.6 4.006 x 10° 1574 x 10° 1534 x 10° 2.540 x 10 99.953 1.736 x 10°
‘ Eu(NO;); / 100 -0.5 4.007 x 10° 1.571 x I(° 1.531 x [° 2.545 x 10° 99.953 1.739 x 107
Figure 70(b). | PTE-PC gAN mM KNO; -0.6 3.548 x 10° 1571 x I 1.536 x 10° 2.021 x 10°? 99.953 1.734 x 107
-0.5 3.552 x 10° 1.575 x10° 1.539 x 10° 2.016 x 10°® 99.953 1.730 x 10™

- 162 -




Chapter 7: Scanning Kelvin Nanoprobe and Impedance Spectroscopy

L. -E. Cheran, S. Sadeghi and M. Thompson, Analyst, 2005, 130, 1569
L. -E. Cheran, M.'E. McGovern and M. Thompson, Faraday Discuss., 200, 116,

M. Thompson, L. -E. Cheran, M. Zhang, M. Chacko, H. Huo and S. Sadeghl
Biosensors and Bioelectronics, 2005, 20, 1471

H. G. L. Costa, T. C. Chilcott and A. C. F. Costa, Bioelectrochemistry and

H. Fricke and S. Morse, J. Gen. Physiol., 1925, 9, 153
H. G. L. Coster and J. R. Smith, Biochim. Biophys. Acta, 1974, 373, 151
R. G. Ashcroft, H. G. L. Coster, D. R. Laver and J. R. Smith, Biochim. Biophys.

C. Whitehouse, D. Gidalevitz, M. Cahuzac, R.'E. Koeppe II and A. Nelson,

M. Naumowicz and Z. Figaszewski, Bioelectrochemistry, 2003, 61, 21

W. Kleinekofort, A. Pfenninger, T. Plomer, Ch. Griesinger and B. Brutschy, Int.
J. Mass Spectrom. Ion Process., 1996, 156, 195

M. Diociaiuti, F. Bordi, A. Motta, A. Carosi, A. Molinari, G. Arancia and C.

A. Kemp and C. E. Wenner, Arch. Biochem. Biophys., 1976, 176, 547
H. E. Ries and H. Swift, J. Colloid Interface Sci., 1987, 117, 584
M. Naumowicz, A. D. Petelska and Z. A. Figaszewski, Electrochim. Acta, 2006,

A. D. Petelska, M. Naumowicz and Z. A. Figaszewski, Cell. Biochem. Bzophys

A. P. Golovanov, 1. L. Barsukov, A. S. Arseniev, V. F. Bystrov, S V. Suchanov
and L. I. Barsukov, Biopolymers, 1991, 31, 425

H. W. Huang, Biochemistry, 2000, 29, 8347

O. S. Smart, J. Breed, G. R. Smith and M. S. P. Sansom, Biophys. J., 1997, 72,

L. V. Protsailo and W. R. Fawcett, Electrochim. Acta, 2000, 45, 3497
E. Sabatani and I. Rubinstein, J. Electroanal. Chem., 1987, 219, 365
R. K. Mendes, R. S. Freire, C. P. Fonseca, S. Neves and L. T. Kubota, J. Braz.

7.4 References
1.
2
23
3.
4.
Bioenergetics, 1996, 40, 79
5.
6.
7.
Acta, 1983, 730, 231
8.
Langmuir, 2004, 20, 9291
9.
10.
11.
~ Coluzza, Biophys. J., 2002, 82, 3198
12.
13.
14.
51, 5024
15.
2006, 44, 205
16.
17.
18.
1109
19.
20.
21.
Chem. Soc., 2004, 15, 849
22.

F. Macias and M. E. Starzak, Biochim. Biophys. Acta, 1993, 1153, 331

- 163 -



Chapter 8: Conclusions

Chapter 8

- Conclusions

8.1 Main findings

The purpose of the research presented in this thesis was the design and synthesis of a
novel peptide ion channel with controllable, potential-dependent channel switching
properties which could be tested by a range of electrochemical techniques and under a

range of different physiological conditions.

To this end an analogue of the naturally occurring peptide antibiotic gA has been
synthesised. The analogue gAN, comprised of the gA chain C-terminus functionalised
- with a nicotinamide moiety, has been chosen because its channels are likely candidates

to undergo the ball and chain model of inactivation.

SECM feedback curves were performed on ‘gAN treated polycarbonate .supported
BLMs. A range of tip potentials were employed so as to determine the limits of any
channel ionic transport. The feedback curves clearly demonstrate that the gAN channels
“are open, thereby allowing the passage of K* ions, at potentials negative of -0.515 (&
0.005) V. This is in contrast to unmodified gA channels, normally considered potential-
independent, which display similar K" conduction properties over a much wider
potential range and control inembranes, absent of peptide channels, which display
insulating properties at all but the most negative of potentials (< 0.9 V) where the
membrane is believed to electroporate. The repetitive open-closed switching of the gAN
channel was demonstrated by the application of successive potential steps in
chronoamperometry. A consistent current response was observed for each successive
potential cycle, further confirming the good switch-like characteristics of the gAN

channel.

Chronoamperometry also indicated the gAN channel was permeable to TI" ions, which
are known to permeate the unmodified gA channel, and impermeable to Eu®* ions,
which are .known to occlude the gA channel by binding at the channel mouth. The
passage of T1" across both gA and gAN has been further observed by SECM feedback
measurements using Prussian Blue as a dual-purpose electrolyte and electrochromic

indicator. A marked decrease in the absorbance of the cis-compartment electrolyte
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occurs when a TI" concentration gradient is allowed to flow across the opened gAN
channels. We attribute this change in absorbance to the permeation of TI" into the PB
unit cell and formation of the corresponding Everitt’s Salt. Identical experiments with a
K" concentration gradient result in a much less pronounced colour change, reflective of

the transient nature of the K™ ions within the PB lattice and differing ES composition.

Cyclic voltammetry was used as a way of monitoring gA and gAN ion transport directly
at the electrode surface. For these experiments BLMs were created adsorbed on the gold
electrode surface and were treated with the peptide of interest. Passage of TI" ions from
the electrolyte, via the gA / gAN channels, to the electrode surface was confirmed by
the presence of a TI° - TI" oxidation peaks at ~ -0.5 V. These peaks are slightly offset
from the corresponding peak obtained by an uncoated electrode (at -0.83 V), which is -
probably due to slower heterogeneous kinetics at the membrane coated electrodes. It is
also possible that underpotential deposition (UPD) of thallium on the gold electrode
surface plays some role in the kinetics. CV measurements performed with Eu®" as the
analyte cation indicate there is no Eu®* transport across either channel type,
corroborating the chronoamperometry observations and reinforcing the idea that Eu’*

obstructs gramicidin based peptide channels.

As the Fe(CN),/Fe(CN); couple was used as mediator in most of the SECM
measurements it seemed appropriate to consider this redox process in more detail. CV
was used to observe the voltammetric response of the Fe(CN); /Fe(CN);™ couple with

variance of the supporting electrolyte cation. The Epa, o and £° values obtained indicate

that either very small or very large electrolyte cations impose a reactant like (a < 0.5)
transition state on the oxidation reaction by reinforcing the Fe(CN);™ ionic structure.
Three different methods of calculating the heterogeneous rate constant, ke, Were used

and all three show a similar trend across the alkali metal cations, namely: Li" < Na* <

Rb" ~ Cs" <K*. This suggests, notwithstanding the higher than expected position of K*

within the series, there is a relationship between cation radius and kZ,. value. But a

straightforward trend between ionic radius and k2, can be discounted by the
observation that TI" and Rb", of equal charge and similar radius (164 pm vs. 166 pm),
result in very different o (@ = 0.514 vs. 0.671) and £°,. values (K =6.50 vs. 2.80 x 107

calc

cms™). Considering the case of Na" and Eu**, again ions of comparable size (116 pm vs.
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108 pm), but resulting in significantly different transition states (a = 0.570 vs. a =
0.357) and heterogeneousbkinetics (#* = 6.51 vs. 1.81 x 10° cms™). In this case the
differences are likely to be attributable to the differing ionic charges. The relationship

between electrolyte cation, £° and a requires more investigation.

The SKN scans collected clearly demonsfrated that inclusion of gA, gAN or alamethicin.
channels in a gold-supported BLM result in a decrease in CPD compared to the value
obtained with an untreated BLM. Alamethicin and gA display similar CPD values (-42
vs. -24 mV), with the alamethicin value slightly suppressed owing to the larger size of
the channel lumen. The CPD of a gAN treated BLM lies intermediate between the CPD
values for the gA / alamethicin and untreated BLM. This reflects the closed status of the

channel under ambient experimental conditions.

EIS measurements performed directly on gAN-treated BLMs show a Rcr increase when
the working electrode potential is increased from -0.6 V to -0.5 V. The magnitude of
this increase is ~ 2 kQ and ~ 3 kQ for measurements obtained in K3Fe(CN)s and TINO3
electrolytes respectively. When Eu(NOs); electrolyte is used there is no obvious change
in Rer over the same potential increase. In contrast a membrane treated with gA
subjected to the same potential increase shows no change in Rer in any of the

electrolytes studied. Coverage and Cp; values were also calculated for each electrode

ES

environment.

The combined data from all of the electrochemical techniques reinforce the proposal
that gAN, unlike gA, is a potential-dependent éhannel that switches from an open
conducting state to a closed insulating state over a narrow potential range. SECM
feedback curves of gAN in KNOj electrolyte pinpoint this transition at -0.515 + 0.005
V. The good reproducibility of the channel switching behaviour is highlighted by the
‘almost identical current responses when the membrane is exposed to the successive
potential pulses of chronoamperometry. The work function of a gold substfate coated
with gAN-treated membrane is much greater than the corresponding gA and alamethicin
treated membranes, further demonstrating the channel is in the oxidised (closed) state
under the ambient conditions of SKN operation. CV and CA both show that TI* ions are
able to permeate the open (reduced) gAN channels at potentials negative of -0.515 V.,
Unlike T1" ions, there is no evidence to suggest that Eu** jons permeate thrdugh gAN

channels, which is in agreement with the idea that Ev’* ions occlude the channel by
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binding at its entrance. The values of Rqr and Cpy obtained by EIS are also in agreement

with gAN potential- dependent channel switching,

8.2  Future work

Future avenues of research include the development and characterisation of a range C-
terminus modified gA analogues, each o‘f slightly differing potential-dependence. This
could be achieved by the incorporation of sterically discreet electron-donating or

withdrawing groups at various positions of the NAD" pyridine ring,

The CV data presented in this thesis also leave an incomplete picture of the relationship
between Fe(CN), /Fe(CN)g couple E,, o and £° values. This requires a more

thorough investigation by fast scan CV and EIS.
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Appendix 2

Fast Scan CV Data

The following preliminary CV data were obtained in the fast scan experiments
mentioned at the end of Chapter 6. At scan rates greater than 50 Vs™ the ferricyanide
CVs displayed typical characteristics of a capacitive response, where the current
density is relatively constant over a wide potential range. The capacitive

contribution increased with scan rate.

Figure 73 shows the voltammograms obtained with each supporting electrolyte at
1000 Vs, At this scan rate we expected to observe the effect of the background
electrolyte on the capacitive current. The slightly diagonal shape of the CVs indicates
~ a small Faradaic contribution to current, but this is masked by the much larger
-capacitive effect. For each electrolyte the capacitance per unit area (specific

capacitance) was calculated using equation 102 and is shown below in Table 11.

i (102)

Where i represents the anodic (or cathodic) current, C, the capacitance per unit area

and S the scan rate.

A point to note is that the cut marks on the voltammograms arise due to the removal

of errant data points caused by the equipment overshooting the initial and final

values of the potential range.

From the specific capacitance values it can be seen that the minimum capacitances
are observed with LiN(j3 and NaNOs. This may be related to the size of these ions
and their solution resistances. With TINO; the redox peaks obserQed at
approximately -0.05 V and 0.025 V are probably due to the TI* / TI** redox process.
These very preliminary experiments indicate interesting trends, although further
experiments will need to be performed to gain a fuller picture of the role of the

cation.
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Figure 72. Fast scan CVs of the Fe(CN );”/Fe(CN )& couple.
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Table 11. Fast scan CV capacitance data.

Electrolyte i/ A i/ A Ai/ A C/F C/Fcem™
Ei- (=Ai/v)
([iz - 111/2))
LiNO; 9.50 x 107 | -8.68 x 107" | 5.18 x 107 | 5.18 x 1077 | 6.60 x 10°
NaNOs - | 3.35x107 | 749107 | 130 x 107 | 1.30 x 1072 | 1.65 x 10"
KNO; 240 x10° | -1.02 x10% | 1.71 x10% | 1.71 x 107 | 2.17 x 10°
RbNO; 372 x10° | -117x10% | 245 x10% | 245 x 1077 | 3.12.x 107
NH;NO; | 1.10 x 10-8 | -1.02 x 10° | 1.06 x 10° | 1.06 x 107" | 1.35 x 10"
NMesNOs | 2.42 x 107 | -1.43 x 10° | 1.93x10% [ 1.93 x 1077 | 2.45 x 10°
TINO; -5.44 x 107 | 290 x 107" | -2.86 x 107 | -2.86 x 1077 | -3.65 x 10"
KsFe(CN)s | -2.24 x 10° | 8.44 x 107 | -1.54 x 10° | -1.54 x 1077 | -1.96 x 10°
only
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Appendix 3

Conferences, Lecture Courses and Colloquia

Lecture courses completed between 1% October 2003 and 30™ September
2006:

(a) Medicinal Chemistry, Dr. S. J. Cooper, Dr. P. G. Steel and Dr. J. A.
G. Williams.

(b) Electroanalytical Techniques, Dr. R. Kataky.
Conferences attended between 1% October 2003 and 30" September 2006:

(@) BioNEt Advanced Protein Characterisation Workshop (University of
Newcastle upon Tyne, UK), 18" December 2003.

(b)  New Developments in Potentiometric Analysis: Towards Lower Levels
of Detection and Higher Precision (University of Durham, UK), 31%
March — 1% April 2004 (Poster presentation).

(c) 7" International Synopsium on Bio-Organic Chemistry (University of
Sheffield, UK), 27" June — 1% July 2004 (Poster presentation).

(d) Electrochem 2004 (University of Leicester, UK), 13" — 15%
September 2004 (Poster presentation).

(e) Particle  Characterisation: New Electroanalytical - Opportunities
(LGC, Runcorn, UK), 23" March 2005.

® BioNEt Meeting: Introducing the New Centre for Bioactive Chemistry
at Durham (University of Durham, UK), 20 April 2005 (Poster
presentation).

(8)  BioNEt Meeting: Bioimaging and Informatics: Across the Spectrum
(University of Newcastle upon Tyne, UK), 16™ May 2005 (Poster
presentation).

(h)  BioNEt Meeting: Chemical Genetics (University of Durham, UK),
24™ June 2005.

) Electrochem 2005 (Northumbria University, UK), 4" — 7% September
2005 (Poster presentation).
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(k)

@

(m)

(n)

4" Postgraduate Research Topics in Electroanalysis (Birkbeck
College, University of London, UK), 30™ November 2005 (Oral
presentation).

BioNEt Meeting: Natural Product Isolation, Synthesis  and
Applications of Natural Products as Potential Medicines (University
of Durham, UK), 16™ January 2006.

New Perspectives in Voltammetry (University of Bath, UK), 3" April
2006. ,
Electrochem 2006 (Heriot Watt University, UK), 27™ August — 1%
September 2006.

Robin Hood Interdisciplinary Network in Electrochemistry (RHINE)
Meeting (University of Hull, UK), l3t?1 December 2006 (Poster

presentation). |

Royal Society of Chemistry lectures and postgraduate colloqula attended
between 1% October 2003 and 30™ September 2006:

(a)

(b)

(©)

(d

(e)

®

Applications of Catalytic Asymmetric C-H Activation to Organic
Systems, Prof. H. Davies (University of Buffalo, US), 15 "chober
2003.

Homogeneous Catalysis: A Key Technology for Environmentally
Benign Synthesis of Fine Chemicals and Pharmaceuticals, Dr. M.
Beller (Inst. fiir Organische Katalyseforschung an der Universitit
Rostock, Germany), 22™ October 2003.

Urease... A Muse for the Coordination Chemist, Dr. D. Fenton
(University of Sheffield, UK), 18" November 2003.

Custbmising Selection Rules in Solid-State NMR and the

Determination of Biomolecular Structures, Dr. M. Levitt (School of

" Chemistry, Southampton University, UK), 3™ December 2003.

Arrays and Combinatorial Chemistry, Prof. M. Bradley (School of
Chemistry, Southampton University, UK), 21* January 2004.
Electrochemical and Spectroelectrochemical Studies of Transition
Metal Complexes, Dr. L. Yellowlees (Department of Chemistry,
Edinburgh University, UK), 28" January 2004.
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(2

(h)

(@

Q)

(k)

M

(m)

(n)

(0)

)

Quantum Dots: Realising the Potential, Prof, P. O’Brien (Department
of Chemistry, University of Manchester, UK), 4" F ebruary 2004.
Luminescent Molecules as Information. Processors, Prof. A. P. de
Silva (Queen’s University, Belfast, UK), 7% February 2004.

Protein Folding and Misfolding From an NMR Perspective, Prof. J.
Waltho (Molecular Biology and Biochemistry, University of
Sheffield, UK), 18™ February 2004.

Bottom-Up  Assembly ~ of Peptide-Based ~Supramolecular and
Nanoscale Structures, Dr. D. N. Woolfson (Department of
Biochemistry, University of Sussex, UK), 24™ March 2004.
Supramolecular Chemistry: Concepts and Perspectives, Prof. J. -M.
Lehn (Collége de France, Paris), 24™ June 2004.

Telomerase and Telometric DNA: New Targets for Chemical Biology,
Prof. S. Niedle (School of Pharmacy, University of London, UK), 19
October 2004.

Light Relief, Prof. D. Phillips (Imperial College, _University of
London, UK), 16™ November 2004. |

Recent Advances in the Total Synthesis. of Antibiotic Natural
Products, Prof. T. Bamnett (Department of Chemistry, Imperial
College, London, UK), 23™ November 2004

Hydrogenases: Electrocatalysis and Implications for Future Energy
Technology, Prof. F. Armstrong (Department of Chemistry,
University of Oxford, UK), 27™ April 2005.

Electrochemical Imaging of Carbon Based Materials — from Single
Walled Carbon Nanotubes to Diamond, Dr. J. V. MacPherson
(Department of Chemistry, University of Warwick, UK), 4™ October
2005.




