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ABSTRACT

This work demonstrates a new method for making oligonucleotide microarrays
by synthesis 7z sitn. The method uses conventional DNA synthesis chemistry
with an electrochemical deblocking step. Acid is delivered to specific regions on
a glass slide, thus allowing nucleotide addition only at chosen sites. Deblocking is
complete in a few seconds, when competing side-product reactions are minimal.
Results demonstrate the successful synthesis of 17-mers and discrimination of
single-base pair mismatched hybrids. Features generated in this study are 40 pm
wide, with sharply defined edges. The synthetic technique may be applicable to
fabrication of other molecular arrays.

The acid used for synthesis is produced by electrochemical oxidation of a re-
versible redox couple at microelectrodes. This work explores, in detail, the na-
ture and pattern of the induced chemical change, and its dependence on the na-
ture of the electrolyte and the strength and duration of current applied to the mi-
croelectrodes. Under suitable conditions, the active species is confined to mi-
cron-sized features and diffusion does not obscure the surface pattern produced.
Experimental results, theoretical analysis, and digital simulation identify a chemi-
cal annihilation process critical to ensuring high feature resolution.

The microelectrodes used for synthesis are designed to sustain high currents,
chemical attack, and mechanical wear so that many hundreds of syntheses can be
performed with the same microelectrode set. Software, custom electronics, and a
sealed piston and cylinder fluidics chamber allow synthesis automation. The elec-
trochemical and mechanical system is robust and may be adapted to a range of
other biomolecule syntheses.
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Abstract

This work demonstrates a new method for making oligonucleotide microarrays
by synthesis zz sitn. The method uses conventional DNA synthesis chemistry
with an electrochemical deblocking step. Acid is delivered to specific regions on
a glass slide, thus allowing nucleotide addition only at chosen sites. Deblocking is
complete in a few seconds, when competing side-product reactions are minimal.
Results demonstrate the successful synthesis of 17-mers and discrimination of
single-base pair mismatched hybrids. Features generated in this study are 40 pm
wide, with sharply defined edges. The synthetic technique may be applicable to
fabrication of other molecular arrays.

The acid used for synthesis is produced by electrochemical oxidation of a re-
versible redox couple at microelectrodes. This work explores, in detail, the na-
ture and pattern of the induced chemical change, and its dependence on the na-
ture of the electrolyte and the strength and duration of current applied to the mi-
croelectrodes. Under suitable conditions, the active species is confined to mi-
cron-sized features and diffusion does not obscure the surface pattern produced.
Experimental results, theoretical analysis, and digital simulation identify a chemi-
cal annihilation process critical to ensuring high feature resolution.

The microelectrodes used for synthesis are designed to sustain high currents,
chemical attack, and mechanical wear so that many hundreds of syntheses can be
performed with the same microelectrode set. Software, custom electronics, and a
sealed piston and cylinder fluidics chamber allow synthesis automation. The elec-
trochemical and mechanical system is robust and may be adapted to a range of
other biomolecule syntheses.
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At the atomic level, we have new kinds of forces and new kinds of possibilities, new kinds of
effects. The problems of manufacture and reproduction of materials will be quite different. I am,
as 1 said, inspired by the biological phenomena in which chemical forces are used in repetitions
Sfashion to produce all kinds of weird effects (one of which is the author).

-R.P. Feynman, 1959
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CHAPTER 1: INTRODUCTION

Chapter 1
Introduction

This introduction briefly surveys the DINA microarray field and state of the art, with a primary

discussion of fabrication technology and electrochemical patterning, the focus of this thesis.

1.1 DNA Microarray Applications

High-throughput analytical techniques have recently revolutionised the discovery,
investigation, and analysis of genetic information. DNA microarrays and DNA
chip devices, used to perform DNA and RNA hybridisation analysis in a highly
parallel, miniaturised fashion, have been applied to a wide range of applications in
the context of basic biology and human disease®. At present, DNA microarray
devices are used most extensively for large-scale gene expression'” and single nu-
cleotide polymorphism™” analysis, but other applications include optimisation of

antisense oligonucleotides’, basic studies of molecular hybridisation™®, resequenc-

» For a review of DNA microarray applications in biology and medicine, see Appendix A.
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ing genes to identify mutations”'', and analysing DNA-protein interactions'”.
DNA microarrays have found uses in genetic, infectious disease, and cancer di-
agnosis, pharmacogenomics-based screening, environmental research, and foren-
sic analysis. The use of DNA microarrays in these, and other unforeseen applica-

tions, will continue to propel revolutionary discovery and practical applications in

biology and medicine.

1.2 Microarray Formats

DNA microarrays are made by attaching DNA probes to a solid substrate, gener-
ally glass, silicon dioxide, or plastic. The probes, typically synthetic oligonucleo-
tides, amplicons, or larger DNA or RNA fragments, are attached to the substrate
through covalent or non-covalent means. In the case of oligonucleotides, the
many probes are either synthesised in-place on the substrate through stepwise
base addition (termed “7x situ arrays”), or prepared individually and then each de-
posited to the substrate separately (so-called “spotting arrays”). In either case,
placing a different probe in each of hundreds or thousands of defined regions on
the substrate allows a single chip to simultaneously perform many analyses, on
each of many targets.

The analytical utility of microarray devices is driven by a number of impor-

tant design characteristics. First, increasing the number of probes per chip in-




CHAPTER 1: INTRODUCTION

creases the number of analyses available per test. Second, increasing the density
at which the probes are attached decreases the reaction time and the quantity of
target analyte required per test. Third, ensuring fidelity and purity of the probes
maximises resolvability and precision of hybridisation results. Fourth, the ability
to use long probes allows maximisation of the probe-target hybridisation interac-
tion (especially useful in expression analysis). Fifth, the flexibility to design any
probe sequence at any location allows construction of comprehensive probe li-
braries (especially useful in resequencing or single nucleotide polymorphism
analyses). Sixth, flexibility in the synthetic chemistry allows for the use of differ-
ent chemistries so that probes can be made with different backbones and bases.
Seventh, integration of target sample preparation and hybridisation detection
with the rest of the device radically decreases the number of manual steps re-
quired for analysis (critical in any point-of-care or clinical setting). Achieving all
these requirements in a single platform has been the goal of much microarray

technology research. At present, achieving this goal has proved elusive.

1.3 Existing Microarray Fabrication Methods

A wide range of chemical and engineering approaches have been devised to make
arrays. The challenges in accurately attaching thousands of high-quality probes to

a microscopic surface area, perhaps less than a square millimetre, have repre-




CHAPTER 1: INTRODUCTION

sented an active area of research, investigation, and development for at least a

: 13-15
decade (several recent reviews

comprehensively survey the work). At present,
intense research and development in the field, combined with diverse approaches
to fabrication have created a wide variation in device capabilities and characteris-
tics. Continued rapid evolution and persisting technologically heterogeneous ap-
proaches to array fabrication demonstrate that no single methodology has yet
proven ideal.

Several means are presently used for microarray fabrication. One set of
methods deposits spots of presynthesised nucleic acids on the surface of the sup-
port’, or on microbeads'®. In others, probes are synthesised 7 sith' ™. Fach
method has its strengths and weaknesses. A photolithographic method provides
high spatial resolution'® and has proven successful for repeat manufacture of the
same oligonucleotide sets. But as each oligonucleotide set requires a new mask
set, the method is less suitable for custom designs. A new light-directed
method®, which uses programmable microarrays of mirrors rather than masks,
may eliminate this problem, and new photolabile protecting groups may improve
coupling yields®, which are currently reported to be lower than in conventional
oligonucleotide synthesis”. Physical masking® using mechanical flow cells and
conventional synthetic chemistry gives high coupling yields and also provides
high resolution, but is best used for sets of probes with related sequences, such as

all sequences of a predetermined length, or tiling paths of all oligonucleotides
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complementary to a gene of known sequence™. Ink jet fabrication is rapid, highly

26-28

flexible and has a high throughput™”. However, the accuracy in aiming droplets

of reagents and their subsequent surface spread upon impact limits resolution®.

1.4 Fabrication and Design Challenges

Productive development of array fabrication techniques necessitates integration
of chemical synthesis, automation, miniaturisation, microfluidics, quality control,
basic biochemistry and molecular biology, and data collection and analysis tech-
niques. This integration places high demands on device performance. Chemical
synthesis methods must be developed allowing selective placement of oligonu-
cleotides at specific locations on a solid material, combined with a means for
permanent attachment or immobilisation. The enormous number of chemical
steps involved makes automation of the process, through robotic or other digital
means, absolutely necessary. Achieving high densities requires microscopic pre-
cision in manufacturing; technology adapted from the semiconductor industry
provides useful solutions in this respect. However, as these techniques have con-
ventionally been optimised for solid-phase and thin-film materials, means to
apply the processes to solution-phase reactions require development of novel
fluid handling and microfluidics systems. Ensuring high-fidelity over the com-

plete, enormous set of probes is only accomplished through careful monitoring
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and control of each of the thousands of chemical steps involved, and therefore,
quality control of the manufacturing processes is critical. When ultimately ap-
plied to the interrogation of genetic material, devices must have characteristics
which are compatible with molecular biology and biochemical protocols. Lastly,
a convenient and efficient means must be developed to detect and record the re-
sults obtained from hybridisation of targets to the microarray device. Ideally, any
means of array fabrication should also be inexpensive, flexible, and rapid.

This thesis describes novel solutions to these problems in the context of a

fundamentally new electrochemical approach to 7 situ microarray fabrication.

1.5 Electrochemical Patterning

Frequently, electrochemical systems have been investigated in the context of ana-
Iytical applications. Since Nernst pioneered descriptions of the relationship be-
tween electrical potential and thermodynamic properties of a chemical system in
1889, a wide range of theoretical analyses, techniques, and applications have pro-
duced a very large body of literature and specialised knowledge of all types of
electrochemical processes. Indeed, electroanalytical techniques are applicable to
almost every element in the periodic table”. Although less well-documented,
electrochemistry has also been used for various steps in synthetic chemistry since

the time of Faraday. Since then, hundreds of electro-organic synthesis processes
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have been developed including, for example, the Kolbe reaction, reductive dimer-
isation, hydrogenation of heterocycles, fluorination, methoxylation, epoxidation,
oxidation of aromatic hydrocarbons, and others™ in bulk industrial scales.

More recently, synthetic electrochemical processes have been used in small-
scale surface patterning. First pioneered by Alan Bard and colleagues a decade
ago’', the typical format involves writing patterns with an active electrode “pen.”
Termed “scanning electrochemical microscopy” (SECM), the electrode pen oxi-
dises or reduces a metal on a surface as it is moved about to “draw” lines. Al-
though recently-developed means of controlling diffusion™ allow very high-
resolution features, the method is impractical for array manufacture. Moving the
tool to hundreds or thousands of probe locations on a surface and maintaining
critical registration and alignment across many fabrication steps would make writ-
ing arrays by SECM tedious if not impossible.

Although not used in synthesising array probes, electrochemical processes
have been used to perform single chemical steps relevant to microarray fabrica-
tion. Livache and colleagues have demonstrated electrochemically directed co-
polymerisation of pyrrole and pre-synthesised oligonucleotides containing elec-

troactive substituents™ ",

By selectively controlling the polymerisation at indi-
vidually-addressed electrodes, electronic circuitry and software directed attach-

ment of the oligonucleotides to up to 128 electrode pads. Other work has used

microelectrodes to immobilise active enzymes™ or a small array of peptides™, also
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using redox products to initiate polymerisation reactions. In these demonstra-
tions, custom electrochemically-active reagents allowed covalent probe attach-
ment to the polymer matrix. Parallel synthesis of many probes is not possible
with these techniques, as each oligonucleotide to be attached must be prepared
individually. Furthermore, each electrode set can be used for only one array; the

polymerisation process is not reversible.

1.6 In situ Electrochemical Biopolymer Synthesis

Although a recent literature review identified no publications describing micro-
electrode devices used to perform serial stepwise chemical steps in the context of
in situ synthesis, it is likely that such work is underway™’. It may be possible to
perform chemical synthesis directly on microelectrode surfaces. A polymer coat-
ing on the microelectrodes provides a matrix on which covalent attachment of
chemical moieties is performed electrochemically™. Several problems may arise
with this approach. First, diffusion of redox products away from the immediate
vicinity of the microelectrodes, and subsequent reduction of product concentra-
tion, may limit the maximum resolution. Generally the rate of spread of products
in solution is inversely proportional to dimensions; patterning surfaces with solu-
tion-based chemistry becomes challenging below about 100 um if the synthetic

reaction is not nearly instantaneous. Second, highly reactive redox products, in-
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cluding free radicals, radical ions, and unstable intermediate products are pro-
duced at the solution-electrode interface™”*. These species may react to destroy
the desired oligonucleotide or other synthetic product being made directly on the
electrode surface. Third, as the synthetic product must be immobilised on a
polymer in contact with the electrodes, the polymer itself must be compatible
with the chemical synthesis, and with subsequent means of analysis. Fourth, syn-
thesis of products on a matrix directly attached to the microelectrodes precludes
reusing the microelectrodes for fabricating multiple arrays with the same elec-
trode set. As such microelectrode devices are presently custom-made, fabrication

expense could prove prohibitive.

1.7 In Situ Electrochemical Microarray Fabrication

This thesis describes a new method for directing the synthesis of oligonucleotides
on the surface of a solid support, which uses electrode arrays to induce electro-
chemical reactions in highly localised regions. The microarray of synthons is
made on a planar substrate of either glass or silicon dioxide, the face of which is
placed against the electrode array for the duration of synthesis. At each step of
synthesis, acid is produced in confined regions by application of current to indi-
vidual electrodes, directing patterned removal of protecting groups on the adja-

cent substrate. The electrochemical reaction used is reversible, compatible with
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high-yield oligonucleotide synthesis, and confined to distinct regions without sig-
nificant diffusion problems. This approach minimises the problems of other
electrochemical approaches, yet has advantages of parallel synthesis flexibility in

the synthetic chemistry.

1.8 Organisation of this Thesis

As typical of microarray technology in general, this work required the integration
of techniques from a range of disciplines including materials science, engineering,
chemistry, biology, electronics, and computer science. Presented as a series of
publications or manuscripts, the description of the results is roughly divided into

five sections as follows:

1. Chapter 2. Electrochemical patterning: investigation, characterisa-
tion, and optimisation of an electrochemical system compatible with
the microelectrode characteristics and high-resolution surface pattern-
ing.

2. Chapter 3. Materials, microelectronics, and engineering: manu-
facture of suitable, robust microelectrodes, and development of a pro-
grammed power supply to deliver predetermined potential to each

electrode independently for a preset duration with means to measure

10
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current at each electrode, and construction of a computer-controlled
and automated reaction system including a sealed chamber in which to
carry out the electrochemistry and nucleotide coupling reactions.

3. Chapter 4. Oligonucleotide synthesis: optimisation and demon-
stration of oligonucleotide synthesis in high yield, and successful ap-
plication to single-base mismatches detected with a 17 nucleotide base
probe.

4. Chapter 5. Discussion I: summary and integration of the work as a
whole in the context of other methods of array fabrication, and analy-
sis and interpretation of aspects of this work not extensively covered
in the manuscripts.

5. Chapter 6. Discussion II: theoretical considerations and digital
simulations exploring the relationships between diffusion, annihilation,

and pattern resolution.

Each manuscript in chapters 2, 3, and 4 is briefly introduced and reproduced
in this thesis, with modification only in style. At a possible cost in some repeti-
tion of introductory remarks, this format affords the stylistic efficiency and brev-
ity typical of scientific communications. The concluding Discussion I and Dis-
cussion II sections integrate the work as a whole and allow for further commen-

tary and analysis not included in the manuscripts. Appendix A briefly highlights

11
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some of the potential long-range applications of this work in a biological and
medical context. Appendix B is a short paper resulting from extension of the
topics presented in Chapter 6. Appendix C is a paper incorporating methods
developed in this work including a demonstration of localised acid production in
real-time using a pH-sensitive reporter. Appendix D is Chapter 2 in reprint
format. Appendix E presents interesting results not included elsewhere, with
brief descriptions and commentary. Appendices F-J provide further complete

engineering and experimental data not presented in the body of the thesis.
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Chapter 2

An Electrochemical System for
Surface Patterning

This chapter focuses on the chemistry and electrochemistry components of this work. 1t was pub-
lished as a full paper’ in Analytical Chemistry in 2002 (a reprint is included in Appendix
E). Frank Marken assisted in the cyclic voltammetry work as shown in Figure 3. All other

experimental work and writing was conducted primarily by the anthor of this thesis.

2.1 Abstract

Microelectrodes, printed as an array on the surface of a silicon chip, generate
chemically active species in a solution of electrolyte held between the electrode
array and a glass plate. The active species induce chemical change in molecules
coupled to the surface of the glass plate, which is separated from the electrode

array by a gap of several microns. This communication explores the nature and

b Paper authors: Ryan D. Egeland (corresponding), Frank Marken, Edwin M. Southern.
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pattern of the induced chemical change, and its dependence on the nature of the
electrolyte and the strength and duration of current applied to the microelec-
trodes. We show that under suitable conditions the active species is confined to
micron-sized features and diffusion does not obscure the surface pattern pro-

duced.

2.2 Introduction

The techniques which revolutionised the manufacture of electronic components

have recently been applied to biological and chemical systems. Small devices car-

A19:25.36,41-43

rying molecules of DN or peptides* have been fabricated on glass, sili-

con and plastic substrates. These chemical and biological chips have been used

- 4546

: : - 4849
in genomic analysis ’

, gene expression profiling’, drug analysis*™*’, and in envi-

50-54

ronmental and biological sample analysis™ . Although several 7z situ fabrication

techniques have been used to make these devices, there remain many significant
technical challenges'"™’.

There are two requirements for any 7z sitn molecular fabrication method.
First, it must be able to apply the methods of chemical synthesis to make mole-
cules of defined structure on a solid substrate. Second, it must be capable of cre-

ating the molecular features in spatially defined regions. Many organic syntheses

follow stepwise pathways in which an active group is exposed by removal of a

14
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55-57

protecting group and then coupled with an active reagent Nucleic acid and
peptide syntheses utilise this approach™; these chemistries were first adapted to
solid-state synthesis and then to patterned synthesis on planar substrates. In
these and other syntheses, protecting groups are typically removed by acid or
base.

Methods that have been used for patterned 7z situ synthesis include ink-jet
application of deprotection agents™, application of precursors by physical mask-

. 82459

ing or ink-jet printing®**"*"*!

, application of physical masks by photolithogra-
phy”, and removal of photo-labile protecting groups by photomasking'™'*. Al-
though these methods have proven useful, each has certain disadvantages. Physi-
cal masking is only suitable when the synthetic pattern may be formed by over-
lapping placements of the mask; the resolution of the ink-jet method is limited by
the accuracy in aiming droplets of reagents and by surface spread on the surface;
the photolithographic methods require special photosensitive reagents and ex-
pensive mask set fabrication for each pattern produced.

In this work, we explore a method of patterning a surface using electro-
chemically generated reagents. Electrochemically produced reagents include ac-
ids, bases, radicals, reactive gases or ions, metals, and many types of reducing and

30,39,40,63-66

oxidizing species . The amount and reactivity of reagents is controlled by

the choice of electrolyte solution or the applied voltage. This fine regulation of

15
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the chemical conditions may thus permit a degree of reaction control not possible
with other fabrication methods.

Electrochemical methods described previously use single active electrodes”
and are not suitable for creating large numbers of small features. We describe a
new approach using an array of individually-addressable electrodes placed in
close proximity to the treated surface. The electrodes generate active reagent
which reacts with molecules on the surface. In the examples described here, ac-
tive reagent is an acid, generated at anodes.

The elements of the microelectrode array are individually addressable, so in-
dependent pattern features may be generated in parallel. Furthermore, using an-
odes and cathodes in close proximity introduces a means of controlling reactant
diffusion. In systems utilizing a single isolated electrode to generate an active
species, such as scanning electrochemical microscopy (SECM), reactants diffuse
rapidly from the vicinity of the electrode. A number of electrical and chemical
means have been used to confine the reagents generated at the microelec-
trode”™*, but diffusion is intrinsic to any reagent in solution. For example, a
small 1.7 um electrode generates a 250 um pattern after 20 s which grows to the

relatively macroscopic dimension of 400 um after 80 s ©.

Such diffusion clearly
limits creating many small features in close proximity. We have designed a chemi-

cal system which limits these effects.
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A cathode-generated quenching reagent destroys acid everywhere but in re-
gions close to the anode that generated it. This constraining effect of the coun-
terelectrodes creates features which approach the size of the microelectrodes
themselves. Unlike methods such as scanning electrochemical microscopy pat-
terning where the tool must be physically manipulated to write a surface feature,
this method allows rapid printing on a surface, with the printed pattern deter-

mined simply by microelectrode arrangement.

2.3 Experimental Section

2.3.1 Materials

Silicon wafers were used for creating the microelectrodes and as the solid sup-
ports for the electrochemical patterning. Wafers were purchased from AUREL
GmbH (Landsberg, Germany) as P-type (boron doped), <100> orientation, 7-
21 ohm cm resistivity, 100mm diameter, 518-532 um thick, “CZ Silicon Prime
Wafers, SEMI standard.” The wafers were thermally oxidised to yield a 124 £
0.4 nm surface thickness of silicon dioxide. Glycidoxypropyltrimethoxysilane
(Sigma-Aldrich, Poole, England) was used as supplied. Polyethylene glycol
(200 avg. mol. wt., Sigma-Aldrich) was used without further purification. Ben-

zoquinone, hydroquinone, and tetrabutylammonium hexafluorophosphate
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(Sigma-Aldrich) were dissolved in anhydrous acetonitrile (supplied as “phos-
phoramidite diluent,” Cruachem, Glasgow) under dry argon immediately before
use. Dimethoxytrityl (DMT) was attached to the substrate as a thymidine
B-cyanoethyl phosphoramidite (Cruachem) using standard DNA synthesis re-
agents (Cruachem). Equal volumes of acetic anhydride and dimethylaminopyri-
dine (Cruachem) were used in solution for the acetylation. “Cy5 phosphoramid-
ite” used for fluorescent reporting was purchased from Amersham Pharmacia
Biotech (Buckinghamshire, England), and diluted with anhydrous acetonitrile
(100mg/ml) before use. Iridium metal used for microelectrodes was 99.9% pu-

rity (Johnson Matthey Noble Metals, L.ondon).

2.3.2 Microelectrode Array

The fabrication of a microelectrode array resistant to reduction, oxidation,
chemical attack, and mechanical destruction presented certain challenges and will
be described in detail elsewhere. Briefly, 96 linear electrodes were fabricated by
electron-beam evaporation of 50nm iridium metal onto silicon wafers previously
patterned with an organic photoresist using conventional UV-light photolitho-
graphy. After removing the photoresist in acetone, the iridium was annealed by
heating at 350° C for 30 minutes in air, and then cleaned by reactive ion etching

(in oxygen and argon). The resulting microelectrodes, each measuring
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40 £ 0.1 um wide by 750 um long and separated by 40 um gaps, were connected

to separate printed circuit board tracks via 20 um gold wire bonds.

2.3.3 Preparation of Glass Substrate

Polished, oxidised silicon wafers were used as the patterned surface supports.
Before electrochemical patterning, the wafer surface was functionalised with a
linker molecule to which the organic reagents were attached”. Wafers were
placed in a 18.1 L. vacuum furnace chamber with an ampoule containing 5 mL
glycidoxypropyltrimethoxysilane. After heating the furnace to 185 °C, the am-
poule was heated to 205 °C and the chamber evacuated to 25-30 mBar. After
approximately 2.5 mL of the silane had evaporated, the chamber was allowed to
cool under vacuum (10 Torr). A linker molecule was attached by immersing the
glycidoxypropyltrimethoxysilane-derivatised wafers in 200 mL polyethylene glycol
containing 100 plL sulphuric acid. DMT-containing phosphoramidite was then
covalently attached to the free hydroxyl on the polyethylene glycol by conven-

tional oligonucleotide synthesis techniques™"

employing 3% dichloroacetic acid
deblocking. The wafer substrate surface thus prepared was cut into 1 cm squares

for use in patterning.
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2.3.4 Reagent Delivery and Substrate Positioning

Reagents used for the electrochemically-directed synthetic steps were flushed
across the entire substrate surface in an apparatus designed to hold the substrate
a specified distance (20 £ 1 um in these experiments) from the microelectrode set
(Figure 1). This distance could be increased by adjusting a digital micrometer
head piston to allow large volumes of solvent or other reagent through the sys-
tem as appropriate, and then re-established during the electrochemical acid gen-

eration.

2.3.5 Acid Generation and Current Measurement

A custom electronic circuit applied current in a parallel fashion to each of the
electrodes independently and is described in detail elsewhere. Any electrode
could be disconnected from the voltage source (made floating) by analogue mul-
tiplex switch integrated circuits. Voltages were applied at the anodes with respect
to the cathodes (the electrochemical system is a two-electrode cell). As the cur-
rent delivered to each individual electrode was very small (nanoamps), instrumen-
tation amplifiers were employed in its measurement. A computer software pro-
gram controlled this electronic circuit, and also automated delivery of reagents to

the substrate.
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2.3.6 Acetylation and Fluorescent Reporter

The loss of the acid-sensitive trityl protecting group on conventional phos-
phoramidites indicated regions where acid reached the substrate during the elec-
trochemical deblocking step. After electrochemical patterning of a microscope
slide coated with trityl-containing phosphoramidite, the entire surface was treated
with a mixture of equal volumes of acetic anhydride and dimethylaminopyridine
using an ABI 394 DNA synthesiser. This reagent renders the regions previously
subject to acids unreactive towards further chemical modification. Remaining
trityl groups were removed by treating the whole surface with dichloroacetic acid
(DCA) and a subsequent final modification of the entire surface with Cy5 phos-
phoramidite resulted in fluorescence everywhere except those regions patterned

by electrochemically generated acids.

2.3.7 Fluorescence Detection

Fluorescent molecules were detected using a Leica TCS NT confocal microscope.
Confocal microscopy allowed examination of fluorescence in a single focal plane,
thus eliminating background fluorescence while observing the monolayer. Before
each measurement, the focal plane was adjusted to the height of the substrate on
the microscope stage, and the photomultiplier tube (PMT) voltage adjusted to

maximum sensitivity without saturation. The fluorescent units recorded for each
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image are arbitrary and not directly comparable across experiments, as micro-

scope adjustments were independent for each sample.

2.3.8 Cyclic Voltammetry

Voltammetric experiments were performed with an Autolab potentiostat system
(Eco Chemie, The Netherlands) in a conventional three electrode cell with a
platinum gauze counter electrode and a saturated Calomel (SCE) reference elec-
trode. The cyclic voltammograms were obtained for the reduction and oxidation
of an acetonitrile solution (0.1 M NBu,PF,) of 2.5 mM benzoquinone and

2.5 mM hydroquinone at a 1 mm platinum disc electrode (T=22 °C).

2.4 Results and Discussion

2.4.1 Interaction of Acid at the Surface

As an example of a step used widely in organic synthesis, we chose to study the
thermodynamically and kinetically favourable removal of a dimethoxytrityl
(DMT) group by mild acid to form a primary hydroxyl (an overall depiction of
the process is shown in Figure 2). A glass chip was first derivatised with a linker
to which a deoxyribo-thymidine (dT) phosphotriester was attached by conven-

tional phosphoramidite coupling”. The dT carried a DMT group on the
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5-hydroxyl. We had previously verified that the DMT group could be removed
efficiently by dilute sulphuric acid in acetonitrile.

The objective was to remove this group using acid generated at the anodes of
a microelectrode array placed against the glass chip by a substrate positioning ap-
paratus allowing fine control of the distance between the electrodes and chip
(Figure 1), and to acetylate the hydroxyl groups in the exposed regions by
treatment of the whole surface with acetic anhydride. The DMT groups not re-
moved by the electrochemical step were then removed by treating the whole sur-
face with a solution of dichloroacetic acid in dichloromethane. The hydroxyl
groups thus exposed were coupled to Cyb5, a fluorescent dye, so that the pattern
produced by the electrochemical generation of acid was revealed by observing the
fluorescence of the Cy5 in a confocal microscope.

In the following sections, we discuss the processes which generate active spe-
cies at the electrodes, the reaction which takes place on the substrate and the in-
teractions which take place in the solution between the electrodes to destroy the
species generated at the anode and cathode. We discuss the stoichiometry and

kinetics of these processes.

2.4.2 Acid Generation

We have explored the effects of varying the electrolyte solution and the results

presented here were obtained with an electrolyte system optimised for the acety-
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lation patterning process. Acid was generated at the anode by the oxidation of
hydroquinone (HQ) to benzoquinone (Q) in acetonitrile. Although the mecha-

72-77

nism was subject to some controversy in the early literature™"’, the oxidation

half-reaction yields a clean source of protons at the anodes, as shown below:

OH (0] 0]
B — —_—
OH OH (6]

HQ Q )

This oxidation of hydroquinone and the reduction of benzoquinone in these
experiments was characterised by cyclic voltammetry in bulk electrolyte solution
(see Figure 3). The two main processes detected under these conditions are the
oxidation of hydroquinone (P2,) at + 1.2 V 5 saturated Calomel electrode
(SCE) peak potential (equation 1) and the reduction of benzoquinone (P1,,,
equation 2 below) at -0.47 V »5. SCE peak potential. Two minor signals in the
voltammogram may be attributed to the oxidation of hydroquinone in the depro-
tonated state (P4,) and the reduction of benzoquinone in the presence of elec-
trogenerated acid (P3,,). Overall the reaction scheme is complex but in agree-
ment with previous reports’.

The process at the cathodes is the reduction of benzoquinone, and yields a

. . 7
radical anion as follows”:
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0

(0]
: : + e [ ]
(o) (6]

The radical anion is relatively stable, but may undergo follow-up chemical reac-

2)

tions in the presence of protons. We therefore speculated that acid in solution

would be consumed by the cathodic radical anion as follows:
o |5 OH o]
O}~ 00
0o OH 0}

As the radical anion and proton are of opposite charge, we considered that elec-

()

tric field effects in depleted concentrations of supporting electrolyte may also act
to enhance the annihilation of acid”.

We speculated that the acid generated in the anodic process (P2) would be
strong enough to remove the acid labile DMT group. The voltage (applied at the
anodes with respect to the cathodes) required to establish the pH gradient was
expected to be between 0.9 V (difference between potentials for reduction P1
and oxidation P4) and 1.67 V (difference between reduction P1 and oxidation
P2). Observations described below support this prediction and demonstrate that
the rate of production of acid at the anodes and the rate of diffusion across the

gap to the surface leads to complete removal of the DMT in a few seconds.
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2.4.2.1 Stoichiometry and Kinetics

The rate of the patterning reaction is determined by the probability that protons
in solution reach the immobilised DMT at the surface. We therefore found it
instructive to compare the total number of hydroquinone molecules in solution
to the number of DMT groups on the surface.

Before voltage is applied, the amount of DMT on the glass chip is ca.
10 pmol per mm” surface area®. The quantity of hydroquinone in a 20 um depth
of electrolyte solution overlying the surface is 500 pmol per mm”. Thus, oxida-
tion of all the hydroquinone in this area would result in a 100-fold molar excess
of acid assuming all protons transverse the electrode-surface gap and arrive
evenly over the chip surface.

A true estimate of the number of protons generated at the anode can be ob-
tained from measurement of the current. The number of protons (IN,) produced
during patterning of duration #1is equal to the number of electrons (IN,) removed
from the anodes by the external voltage source, and was calculated from the ap-
plied current (2) as follows:

_— :I;i-dt
F

)

Where F is Faraday’s constant (we assumed 100% current efficiency for these

calculations). We designed an amplifier circuit to record current at each of the
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microelectrodes to nanoamp precision, with negligible measured background cur-
rent. We then used the electrodes to generate patterns and considered the
amount of acid produced under various conditions.

We applied a range of DC potentials to anodes (with respect to cathodes)
which were 7.5 mm long by 40 um wide and separated from adjacent cathodes by
40 pum (the significance of the electrode arrangement is discussed later), with a
depth of solution of 20 um between the electrode array and substrate. The rate
of protons generated is very small at cell potentials below 1.2 V and increases ex-
ponentially above 1.3 V (Figure 4), with a corresponding increase in the rate of
the patterning at the substrate (Figure 5). The current is high directly after the
voltage is applied while the hydroquinone near the anodes is oxidised (as in a po-
tential step experiment). It then reaches a diffusion-limited steady state near
1 nA for a cell potential of 1.33 V after approximately 2 seconds, when the rate
of anodic hydroquinone oxidation is balanced by its regeneration from benzo-
quinone and protons at the cathode.

We consider here the total amount of acid generated over an anode 5. the
amount required to pattern the surface in a time course experiment where the
electrodes were 7500 um long by 40 um wide and separated from adjacent cath-
odes by 40 um, with a depth of solution of 20 pm between the electrode array
and the substrate. At 1.33 'V, 2.0 = 0.1 pmol protons are generated at each anode

in 0.2 s, rising to 800 £ 40 pmol in 80 s. This total quantity of acid generated
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after 80 s is in vast excess to the DMT groups in the region of the substrate op-
posite the anode.

Analysis of the reaction at the surface of the substrate shows that reaction is
essentially complete after about 4 s at 1.33 V, resulting in a 75 um wide pattern
(Figure 6) and the complete detritylation of 30 pmol DMT. Figure 7 shows
stoichiometry calculated from replicates of the experiment in Figure 6, where N,
was calculated by measuring the surface area of the completely reacted stripe and
multiplying by the known initial density of unreacted DMT on the surface, as de-
scribed above. The amount of acid generated after 4s is 40 = 2 pmol. Some of
this acid does not reach the substrate because it is consumed by an interaction
with products diffusing locally from the cathode into the region between the elec-

trodes.

2.4.2.2 Diffusion and Proton Neutralisation

We believe the electrode arrangement presented in this communication causes
consumption of anode-generated protons near the cathodes by the reaction
shown in equation 3. Because we used cathodes situated only 40 um from the
anodes, the products liberated at the cathodes diffuse rapidly to mix with the pro-
tons generated at the anodes allowing regeneration of hydroquinone and benzo-
quinone in the solution between the electrodes (complete reaction system as

mentioned previously in Figure 2). These products can then diffuse into the re-
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gion of the electrodes where they will take place in further electrochemical reac-
tions.

Figure 8 is a dramatic demonstration of this effect; a single cathode placed
between two adjacent anodes prevents any acid from reaching the surface in its
vicinity upon application of 1.33 V for 20 s. Subsequent removal of the cathode
allows protons to flood the area.

That the width of the line in Figure 6 does not increase with prolonged gen-
eration of acid demonstrates the confinement of protons over very long time pe-
riods. As the patterning technique presented here uses free protons in solution,
the lines generated at the surface would become wider if protons were free to
diffuse over time. For example, an unconfined collection of 40 pmol protons
released from the 40 um-wide anodes would reach the surface to produce a stripe
over 400 um wide after 40 s. Figure 6 shows that this does not occur; the radical
anions near the cathode consume protons in this region and thus limit the stripe
to about 75 um, and even after 80 s the width of the stripe is unchanged.

The ability to deliver sharp pH gradients over a long time period provides
significant advantages in inducing chemical reactions to completion on a surface.
Although this particular reaction was relatively fast so that the surface was pat-
terned after ca. 4 s, less kinetically favourable reactions may be driven to comple-
tion by delivering anodic products to confined regions for any duration required,

without diffusion outside the regions.
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2.5 Conclusions

In this work we have demonstrated a number of advantages of the use of arrays
of microelectrodes for performing synthetic reactions on a surface.

First, the proximity of anodes and cathodes restricts diffusion of the active
species generated at one electrode by interaction with the products of the elec-
trode of opposite charge. Thus, the pattern of change induced on the substrate
closely mirrors the pattern of the electrode array, and features with dimensions of
a few microns are readily generated.

Second, fine control of the reaction is permitted by regulating the voltage and
duration of the pulse, and by measurement of current.

Third, a high degree of parallelism permits many different reaction conditions
to be applied to different regions of the substrate surface; the number is limited
only by the number of electrodes in the array.

We illustrate the method by the removal of an acid labile protecting group
which is commonly used in organic synthesis. Elsewhere we will describe the ex-
tension of this reaction to the synthesis of oligonucleotides, but the method has
wider potential. Electrochemical methods can be used to generate acids and bases
or other reactants of different strengths by changing the electrolyte, solvent or
applied potential. There are many examples of organic synthesis steps which use
acids, bases, or other reactants which could be generated at electrodes. Thus the

method could be applied to a very diverse collection of chemical syntheses.
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2.7 Figures
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Microelectrode Array Surface
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Figure 1 Chemical patterning reactions on a surface were carried out in an en-
closed chamber through which appropriate reagents could be delivered. A digital
micrometer head precisely manipulated a gap between a microelectrode array and
the surface so that chemical products generated at the microelectrodes could dif-
fuse to the patterned surface, where synthetic chemical steps were performed. A
custom designed computer control board controlled the flow of reagents, applied

external potentials to each of 96 individual microelectrodes, and measured the
resulting currents.
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Figure 2 The electrochemical oxidation of hydroquinone at the anodes (+) on
an array of microelectrodes delivers acid to localised regions on a surface (the
grey shading symbolises surface regions near the anode). The acid removes a di-
methoxytrityl (DMTY) group (1) to expose a primary hydroxyl (OH), which is
then exposed to an acetylating reagent (2) to attach an acetyl group (Ac). Subse-
quent treatment of the entire surface with an acid solution (3) followed by cou-
pling of a fluorescent (Cy*) dye (4) allows imaging by confocal microscopy so
that regions of acetylation are revealed by diminished fluorescence. The coun-
terelectrode process at the adjacent cathodes ( — ) is the reduction of benzo-
quinone, which yields a radical anion reactive with protons, thus acting to de-
plete acid in the cathode region and regenerate hydroquinone.
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Figure 3 'The chemical system comprising the reversible oxidation of hydro-
quinone and reduction of benzoquinone generates well defined, electrochemically
induced pH-gradients, with proton generation at the anode and proton consump-
tion at the cathode. This figure shows cyclic voltammograms for the reduction
and oxidation of an acetonitrile solution (0.1 M NBu,PF,) of 2.5 mM benzo-
quinone and 2.5 mM hydroquinone at a 1 mm platinum disc electrode (scan rates
200, 500, 1000 mV s-1, T=22°C). The peak Plred corresponds to the reversible
reduction of benzoquinone to yield a radical anion and P2ox corresponds to the
oxidation of hydroquinone. Minor signals P4ox and P3red have been assigned
tentatively to the oxidation of deprotonated hydroquinone and the reduction of
protonated benzoquinone, respectively.
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Figure 4 The number of protons (N) produced was calculated from electrical
current measurements. This figure shows the total protons liberated after 20 s as
a function of the applied electrical potential (E,). The voltage and microelectrode
geometry for these experiments is as shown in Figure 5. The plot shows that N
varies exponentially with potential. Thus, the rate of acid production and there-
fore surface patterning may be manipulated by small changes in applied potential.
The total number of protons liberated at high voltages exceeds 1000 pmol (the
maximum amount that can generated without regeneration of reactant), thus
demonstrating the regeneration of hydroquinone from benzoquinone and free
protons in solution.
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Figure 5 Fluorescent image of a surface after patterning with electrochemically
generated acid. White (fluorescence) appears where the surface was left un-
changed by the acid generated at the anodes; dark areas represent formation of an
ester bond at the surface where the dimethoxytrityl was removed. The active pat-
terning reagents are generated at the anodes ( + ) and confined by the cathodes
( - ). The potential applied to the microelectrodes greatly affects the surface pat-
terning reaction. Five different potentials were applied for 20 s to electrodes
20 um from the surface. A potential of 0.87 V generated insufficient quantities
of acid for reaction at the surface. At 1.03 V, reaction is detectable but incom-
plete. In contrast, at 1.50 V, reaction is complete everywhere inside the flanking
cathodes. The overlying white plot indicates average fluorescent intensity (arbi-
trary units) across the image.
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Figure 6 The extent of reaction at the surface may be controlled and investi-
gated by delivering timed applications of current to the electrodes; the patterning
reagent is confined to the anodic region over very long times. This image shows
the patterns formed over a time course, using a fixed potential of 1.33 V applied
to electrodes 20 um from the surface. Diffusion does not blur the edges of the
stripe formed after 80 s. Instead, the sharply defined stripes are limited to re-
gions between the cathodes and show that patterning reagents may be directed to
strictly confined areas. After 0.2 s, detritylation is incomplete; it is near comple-
tion at 1.0 s and complete by 2.0 s. With longer times, the width of the stripe in-
creases slightly until it is stable at ca 10 s. There is no detectable change between
10 and 80 s, when the reaction was terminated.
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Figure 7 The initial extent and rate of the chemical reaction at the surface is
determined by the amount of acid reaching the surface. This plot shows the rate
of patterning reaction, measured as the consumption of unreacted surface mole-
cules (N1), and is taken from area measurements of the stripes in replicates of the
experiment shown in Figure 6. In these experiments, protons were liberated at
the anode at a measured, constant rate of 10 pmol/s. The reaction rate at the
surface is determined by both this rate of proton production and the proportion
these protons which reach the patterned surface. If the protons reach the sur-
face, they act to remove remaining DMT groups; if they travel elsewhere, they are
consumed by the cathodic products (reaction shown in Figure 2). The plot
shows that reaction is complete by about 4 s (additional protons liberated after
this time elicit no further chemical change).
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(b)

Figure 8 This image shows the ability to confine the acid by the cathodes. (a)
Current (fixed at 1.33 V for 16 s) applied to two anodes and three cathodes pro-
duced two dark stripes. (b) Without a cathode separating the anodes (outline
shows where the cathode was disconnected from the circuit), anodic products
flood the middle area, resulting in a single, wide stripe. The patterned surface
was 40 um from the electrodes in this experiment.
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Chapter 3

A Microelectrode Array Device
for High-Resolution In Situ
Biomolecule Synthesis On Sutr-
faces

This chapter focuses on the miicroelectrode fabrication, engineering, electronics, and software com-
ponents of this work. It was submitted for publication as a full paper in Biosensors and
Bioelectronics in September 2003. All experimental work and writing were conducted pri-

marily by the anthor of this thesis.

3.1 Abstract

An array of independent iridium electrodes, prepared by thin-film techniques, is
used to induce localised redox reactions in an electrolyte. The microelectrodes

are designed to sustain high currents, chemical attack, and mechanical wear so

¢ Manuscript authors: Ryan D. Egeland (corresponding) and Edwin M. Southern.
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that the redox reactions can be used to perform multiple chemical syntheses on a
solid surface placed against the microelectrode array. A computer controls appli-
cation of voltage to the array of electrodes, and an amplifier circuit measures cur-
rent used for each synthetic step. The extent of the chemical modification at the
surface is thereby monitored and controlled in real time to optimise yields. Syn-
thesis reagent delivery and precise positioning of the surface are achieved by a
piston and cylinder reaction chamber, in which the surface to be modified is at-
tached to the end of the piston and the electrode array is placed at the end-face
of the cylinder. Reagents are introduced and removed through ports in the sides
of the cylinder. The microelectrodes are used in parallel to synthesise multiple
oligonucleotides in situ on silicon dioxide, but the electrochemistry may be
adapted to a range of other biomolecule syntheses. This communication de-

scribes the device fabrication and instrumentation in detail.

3.2 Introduction

Microfabrication techniques which revolutionised the electronics industry have
recently been applied to chemical and biological applications®*. With micron-
sized features, devices made with such techniques may be used to manipulate and
analyse extremely small quantities of samples in highly parallel manner impossible

in larger scale devices. Physical laws at such small dimensions often permit per-
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formance characteristics vastly superior to those of larger-scale equivalents™*, or

enable entirely new applications. A wide range of components have been incor-
porated into these devices to perform fluid handling, reagent delivery, mixing,
separation, chemical analysis, fluorescent detection, or chemical modification at a
microscopic scale, on a range of biological materials. Many of these functions
rely upon microelectrodes as a component of their design.

Microelectrodes have most often been used in biochemistry to perform three
classes of functions. In the first class, often used in analytical applications, bio-
logical molecules in solution are measured and characterised by observing varia-
tion in current upon application of potential (through cyclic voltammetry or its
variants). Small electrodes in these applications allow high sensitivities, but as the
currents are commensurately small, multiple electrodes must be combined in par-
allel” to increase the signal. In a second class of functions, microelectrodes cre-
ate an electric field which may induce electrophoretic migration of ions in solu-
tion; this phenomenon can move minute quantities of fluids® or a biomolecule of

8280 Tn addition, this class of function can be used to alter the ionic envi-

interest
ronment near the microelectrodes for optimisation of analytical conditions®. In
the third class of functions, used in attachment applications, electrochemical re-
dox products from microelectrodes can drive the capture of DNA™** antibod-

90,91

ies”, peptides™”', and enzymes” on an electrode surface for a range of analytical

applications”.
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In this paper, we present a new use of microelectrodes in a device which syn-
thesises DNA on surfaces separated from the electrodes. In contrast to electro-
chemical devices designed for attachment of pre-synthesised molecules, this de-
vice permits synthesis of DNA 77 situ. The economy of synthetic steps afforded
by the combinatorial iz sitn method is remarkable, as 4" distinct sequences of
length n may be generated in only 4 X 11 chemical steps.

The device uses an array of iridium microelectrodes to generate acids in a
confined space within an organic electrolyte. The acid is used in a chemical reac-
tion” to modify a surface (the “substrate”) held against the microelectrodes at a
specified distance in a specifically defined, and easily modified, pattern. In the
application described here, the patterning process is repeated and automated for
stepwise oligonucleotide synthesis. Iz sizu synthesis of many oligonucleotides in
the context of DNA microarray fabrication is one potential application, but a di-
versity of electrochemical reaction systems could be exploited through similar
means for synthetic attachment of many molecular types.

To create an array of oligonucleotides with different sequences at each loca-
tion, numerous deblocking reactions must be carried out in each reaction cycle.
The array configuration of the microelectrodes allows these steps to be per-
formed in parallel, thus greatly reducing total fabrication times. Software drives
an electronic interface to the electrodes. Thus, a simple computer data table can

control a particular combinatorial synthesis. A mechanically-controlled reaction
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chamber delivers reagents and positions the substrate at a precise distance from
the microelectrodes. An instrumentation amplifier circuit designed to measure
current at each microelectrode monitors and adjusts the extent of the DNA syn-
thesis reaction in real-time. The microelectrodes are durable and reusable so that
hundreds or thousands of DNA or other biomolecule chips may be produced
using the same microelectrode set. This communication describes the fabrication
and features of the microelectrode device, the accompanying electronics, and the
fluidics housing in detail, and presents a brief demonstration of oligonucleotide

synthesis using the described device.

3.3 Materials and Methods

3.3.1 Microelectrode Fabrication

A brief outline of the microelectrode fabrication process is shown in Figure 11.
Silicon wafers provided the insulating material on which the microelectrodes
were fabricated. The wafers were purchased from AUREL GmbH (Landsberg,
Germany) as P-type (boron doped), <100> orientation, 7-21 ohm-cm resistivity,
100mm diameter, 518-532 um thick, “CZ Silicon Prime Wafers, SEMI standard,”
and thermally oxidised to yield a 124 * 0.4 nm surface thickness of silicon diox-

ide (performed by Dept. of Electronics and Computer Science, Southampton
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University). After baking at 120 °C for 25 minutes and cooling for 5 minutes
approximately 4 ml of a positive organic photoresist dilution was applied (four
parts “BPRS 150 photoresist,” OCG Microelectronics Materials, West Patterson,
NJ with one part “Waycoat LSI positive resist thinner,” Olin Hunt Specialty
Products, Norwalk, CT). After a two minute settling time, the wafers were spun
at 3000 RPM for 30 seconds and the resulting thin photoresist layer baked for
20 minutes at 90 °C in air.

After exposing the wafers to a UV light source (UVP Inc., San Gabriel, CA)
at 10 mW/cm® (A=365 nm) for 4.5 seconds through a chrome-coated quartz pho-
tomask (manufactured by Compugraphics Intl., Glenrothes, Scotland) on a pho-
tomask aligner (“Embhart Dynaport MAS 127), the wafer was immersed in devel-
oper for 2 minutes (one part “PLSI Positive Resist Developer,” Olin Microelec-
tronic Materials, Norwalk, CT with four parts deionised water). The wafer was
washed with deionised water, baked at 100°C for 20 minutes, and “descummed”
by reactive ion etching at 25 W in 37 sccm oxygen and immediately placed in a
vacuum evaporator for iridium patterning.

Iridium metal (99.9% purity) was purchased as 2 mm rod stock from Johnson
Matthey (London). Four 3 mm-long segments were placed into a graphite cruci-
ble (approx. 2.5 mL in volume) in a vacuum evaporator (BOC Edwards, Crawley
England) used for metallisation. Two or three wafers situated approximately

20 cm from the crucible were coated with 50 nm iridium (measured with a crystal
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thickness meter during evaporation) by pumping the chamber to 3 x 10-6 Torr
and heating the metal with an electron-beam gun set to 300 mA at 5 KV for ap-
proximately 3 minutes.

Before photoresist removal, 75 nm of aluminium was applied to the micro-
electrode connection pads for later wire bonding; the entire wafer surface, except
the pads, was masked with aluminium foil and then placed in a tungsten-filament
vacuum evaporator. Approximately 75 nm of aluminium (99.99% purity) was
deposited onto the wafers.

The wafer was placed in an ultrasonic acetone bath for 30 minutes to dissolve
the photoresist and reveal the microelectrodes. The electrodes were annealed at
350 °C in air for 1 hour to promote adhesion with the wafer surface, cleaned by
reactive ion etching (100 W in 37 sccm oxygen and 17 sccm argon for 2 minutes),
and washed with deionised water. A strip of adhesive polyimide tape 7.5 mm
wide was placed across the middle of the electrode pattern, and the bonding pads
were similarly masked in preparation for coating with a silicon dioxide insulating
layer. Silicon dioxide was deposited onto the wafers by an RF magnetron sputter
deposition system (Nordiko “NM200,” Havant, UK) in argon (32 sccm, 9 mTorr,
8x107 mbar base pressure) at 150 W and 800 V for 1 h (the target was cleaned
for 15 minutes at 150 W prior to deposition).

The wafer was glued to a printed circuit board (0.006 inch track widths,

manufactured by RAK Printed Circuit Boards, Saffron Walden, England) pat-
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terned with 96 gold-plated conductor tracks. Gold electroplating of the tracks
enabled direct connection of the microelectrodes to the PCB by wire-bonding;
plating was performed by applying 0.3 A/dm’ to the copper PCB tracks for 2 h
in a solution containing 25 ¢ KAuCN, 1280 mL “Aural 292 make-up solution”
(Lea-Ronal, Buxton, England), and 1.7 L deionised water, yielding a 0.001 inch-
thick layer. Wire bonds using 22 um gold wire connected each of the aluminium-

coated microelectrode pads to a separate PCB track.

3.3.2 Electronic Control and Measurement

Application and measurement of current at each individual microelectrode pre-
sented difficult circuitry challenges precluding an off-the-shelf solution. A circuit
including a series of digitally controlled multiplexer switches was designed to
drive the microelectrodes, allowing each microelectrode to be connected to either
ground or a fixed voltage source, or disconnect from the current path entirely in
a floating mode. In other words, any of the microelectrodes could be switched at
will during the course of the experiment to act as cathode or anode; alternatively,
they could be switched to an inactive state. Voltages were applied by a computer
control board (described below) to very low input offset-voltage, low drift opera-

tional amplifier (LF411, National Semiconductor) driver circuits (Figure 12A),

ensuring accuracy to + 10 mV at the microelectrodes.
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Current was detected as a voltage drop across a resistor in series with the cur-
rent path output to each individual microelectrode, with appropriate feedback
circuits (Figure 12B). As current at each individual electrode was very small
(typically between 10 and 1000 nA), a very high common-mode rejection ratio
instrumentation amplifier integrated circuit (AD620AN, Analog Devices, Not-
wood, MA) ensured an accurate, noise free interface with the digital signal sam-
pling.

Upon testing and optimisation of the described circuits on a breadboard pro-
totype, a permanent printed circuit board was designed according to optimised
schematics with the aid of “Protel” CAD software (Altium Ltd., Frenchs Forest,
Australia). Twelve independent and identical control and analysis circuits on the
PCB allowed switching and measuring twelve microelectrodes in parallel. By
switching this bank of twelve to each of eight banks of microelectrodes from the
full set of 96 as appropriate, each individual microelectrode on the microelec-
trode chip could be controlled and monitored independently throughout the

course of a synthetic trial.

3.3.3 Substrate Positioning and Fluidics

Precise and accurate control of the gap between the microelectrode array and the
substrate was achieved by a high-precision digital micrometer head (Mitutoyo

model 164-172, Andover, UK) and accompanying microfluidics flow cell consist-
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ing of a cylinder and piston device, depicted in Figure 14. This flow cell device
was fabricated from PTFE (to ensure resistance to chemical interaction with re-
agents) using a precision lathe and conventional machining techniques. The pis-
ton, to which the substrate was attached, was moved by action of the microme-
ter, such that the substrate could be positioned at any measured distance relative
to the microelectrodes. A fluid inlet and outlet in the cylinder of the flow cell
allowed DNA synthesis reagents and electrolyte solutions to be introduced in the
gap between the substrate and microelectrodes.

Moving the substrate approximately 1 mm away from the microelectrodes
minimised hydrodynamic resistance during large-volume flow-cell flushing be-
tween synthetic steps. During electrochemical steps, the gap was set between 5-
180 wm so the acid generated at the microelectrodes would reach the substrate.
The micrometer was controlled manually, with its final reading automatically re-

corded (+ 1 pm) digitally at each step.

3.3.4 Computer Interface and Software

Software designed in “Labview” (National Instruments, Austin TX, USA)
switched the microelectrodes, collected and digitised output from the current
measurement circuitry, and synchronised delivery of reagents to the flow cell by a
DNA synthesiser (see below). The software was interfaced to the electronics

through a PCI interface card (Model No. PCI-6025E, National Instruments),
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which provided 16 analogue inputs and two analogue voltage outputs to the cir-

cuitry.

3.3.5 Reagents and Chemical Synthesis

Volumes of freshly prepared electrolyte (25 mM hydroquinone and 25 mM ben-
zoquinone with 25 mM tetrabutylammonium hexafluorophosphate in anhydrous
acetonitrile), phosphoramidite solution (0.1 M with 0.5 M tetrazole activator solu-
tion in anhydrous acetonitrile, Cruachem), oxidizing solution (0.1 M iodine in
20% pyridine, 10% water, and 70% tetrahydrofuran; Cruachem), and washing
solvent (acetonitrile), were delivered to the reaction chamber as described below.
For conventional deblocking 3% dichloroacetic acid in dichloromethane was
used in place of the electrolyte solution.

The solid support used for synthesis was a glass chip derivatised with (3-
glycidoxypropyl)-trimethoxysilane and a polyethylene glycol linker. Hexamer
synthesis was the sequence CGCATC (in typical 3' to 5' synthesis direction), with
detection by a complementary, Cy5-labeled target. Direct fluorescent derivati-
sation of the substrate was through covalent attachment of Cy5 phosphoramid-
ite (Amersham). Fluorescence images were obtained by a Leica TCS NT con-

focal microscope with maximal pinhole aperture, in photon counting mode

(photomultiplier tube voltages adjusted for maximum dynamic range).
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3.3.6 Oligonucleotide Synthesiser and Interface

Reagent delivery to the microfluidics flow cell was performed by a modified ABI
394 oligonucleotide synthesiser (Applied Biosystems, Foster City, CA). Reagent
lines were redirected to the fluid inlet and outlet ports of the flow cell, and the
sequence and timing of reagent delivery was customised according to flow cell
volume and flow characteristics. The synthesiser provided relay output signals,
which were interfaced to the computer software for synchronisation with the mi-
croelectrode driver software.

The synthesiser program, considerably different from standard protocols, was
devised to ensure complete rinsing with short cycle times. As this program re-
quired careful development in the context of electrochemical deblocking and
flow cell volume, it is summarised as follows here (all reagents delivered to inlet
port of column, except “reverse flush,” where argon was applied to the outlet
port to drive liquid retrograde to waste): (1) Acetonitrile flush 14 s. (2) Reverse
flush 0.5 s, acetonitrile 1.5 s. Repeat x 5. (3) Electrolyte solution 15s. (4) Wait 1
s, Electrolyte solution 1 s. Repeat x 5. (5) Signal for micrometer adjustment to
electrochemical gap distance. (6) Wait 30 s (while fluid mixing dissipates). (7)
Signal computer to activate microelectrodes, and wait until finished. (8) Open
chamber argon vent, signal for micrometer adjustment to flushing gap distance.
(9) Repeat steps 1 and 2. (10) Reverse flush 20 s. (11) Phosphoramidite solution

3.5 s, tetrazole 1.5 s. Repeat x 3. (12) Wait 5 s, tetrazole 0.5 s. Repeat x 5. (13)
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Reverse flush 15s. (14) Oxidiser 18 s, reverse flush 1s. (15) Oxidiser 2s, reverse
flush 1 s. Repeat x 7. (16) Reverse flush 20 s, acetonitrile 15 s, reverse flush 15 s,
30 s acetonitrile. (17) Reverse flush 0.5 s, acetonitrile 1.5 s. Repeat x 5. (18) Re-
verse flush 15s. (19) Dichloromethane 20 s, reverse flush 20 s. (20) Acetonitrile
20 s, reverse flush 20 s. (21) Acetonitrile 10 s, reverse flush 1 s. Repeat x 6. (22)
Reverse flush 60s. (23) Repeat entire cycle for each additional base addition.

Total cycle time was less than 20 minutes per base addition.

3.4 Results and Discussion

3.4.1 Microelectrode Arrays

The microelectrodes used to generate reagents for oligonucleotide synthesis were
subject to approximately 300 N of clamping force and a harsh chemical envi-
ronment which we have found to damage or dissolve many conventional elec-
trode and conductor materials. More conventional biosensor or other microelec-
trode applications use low currents and potentials compared to those we found
necessary to generate reagents for zz-sitn oligonucleotide synthesis. This applica-
tion therefore required highly conductive, corrosion resistant, and mechanically

robust electrodes.
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A number of conventional electrode materials were patterned onto silicon
wafers using a range of thin film photolithographic techniques but failed to sur-
vive when used in DNA synthesis. Gold was soluble in the iodine solutions used
for an oxidation step. Aluminium, well-characterised, inexpensive, and used rou-
tinely in semiconductor manufacture, participated in an electrochemical redox
reaction upon application of potentials greater than about 0.6 V, resulting in
rapid destruction of the electrode array (Figure 9). Platinum did not adhere well
to the wafer surface, and was not durable enough for these experiments. Silver,
although very conductive, also dissolved upon application of potential.

Iridium, an inert platinum-group metal frequently used in electroanalytical
applications”, was found to suffer none of these deficits. Its high conductivity
(188.679 mQ'cm™) and chemical inertness (the most corrosion-resistant metal
known) have provided great advantages in microelectrode applications. How-
ever, its high melting point (2457 °C) made metallisation and patterning proce-
dures difficult and its chemical inertness initially prevented adhesion to the silicon
wafer on which the electrodes were produced. We addressed these problems by
employing electron-beam evaporation, aluminium deposition on the microelec-
trode connector pads, annealing steps, and silicon dioxide dielectric coating of
the electrodes.

A range of heat annealing procedures in both inert (95% argon with 5% hy-

drogen) and oxidizing (100% oxygen) atmospheres (at temperatures ranging from
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100-2000 °C) were attempted to strengthen the adhesion of the iridium to the
silicon dioxide wafer. Surprisingly, a relatively mild heat annealing in air at
350 °C for one hour generated very strong microelectrodes, resistant even to
scratching with a steel scalpel blade. This was presumably due to relief of interfa-
cial tension, formation of an iridium-oxide adhesion layer between the silicon di-
oxide and iridium metal, and possibly iridium inter-diffusion into the silicon diox-
ide surface upon heating. Conductivity of the iridium microelectrodes was un-
changed by the annealing procedure, resulting in a resistance of approximately
5 k€ measured across each electrode track length (ca. 3 cm). At the nanoamp
currents employed in these experiments, this resistance generated insignificant
potential drops in each of the electrodes (less than 1 mV with 1-2 V applied), so
that the electrochemical reactions would be uniform across their lengths.

A number of microelectrode arrays with different geometries were made us-
ing this process. We initially produced a range of electrode dimensions from
5 um (see Figure 10) to 80 um, and found that 40 um electrodes were the most
reliably produced using our photolithographic equipment. For the experiments
described here, we used an array of 96 independent linear electrode tracks, each
40 pm wide on 120 um centres, and 7.5 mm long. A 3 mm wide fan-out to alu-
minium-coated connection pads allowed strong connection of each electrode to
printed circuit board, which contained the electronics used to apply voltages and

measure current at each microelectrode in a parallel fashion.
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3.4.2 Synthetic Control and Monitoring

One advantage of using an electrochemical method to produce reagents used for
synthesis is that the reaction can be monitored and controlled electronically. The
flexibility afforded becomes particularly important if the strength of reagents
used in a given synthetic step must be tightly controlled to avoid incomplete reac-
tion or competing side-reactions. The acid deblocking step in the phosphoramid-
ite method of oligonucleotide synthesis (discussed later) is a good example of this
type of sensitivity: the reaction must be driven to completion by sufficiently
strong acid, but the range for error is small, as excessive acid, or overextended
treatment will result in a depurination reaction that diminishes yields™. We there-
fore designed a circuit permitting fine electronic control and monitoring of the
microelectrodes during this delicate acid deblocking step.

The rate of the electrochemical reaction was controlled by manipulating the
potential at the microelectrodes. The resulting current is a direct measure of the
amount of acid generated (calculated as the integrated current divided by Fara-
day’s constant). We designed a circuit which could deliver independently con-
trolled voltages (£5V AC or DC) to any of 96 microelectrodes simultaneously
(see Figure 12). The resulting electrochemical current at each microelectrode
was too small to measure using conventional techniques, so custom circuitry em-
ployed high-sensitivity components and careful design allowing a large measur-

able dynamic range (approx. 5-2000 nA) at each electrode. The most important
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part of the measurement circuitry was a high common mode rejection ratio in-
strumentation amplifier, used to cancel noise (see Figure 12B). Any remaining
offset biases in the measurement circuitry were corrected by software, so the
measurements were accurate to within £ 4 nA (over the typical 100-1000 nA op-
erating range).

Using the described circuitry and microelectrodes, we applied a range of volt-
ages to 10 pm, 20 um, 40 um, and 80 um electrodes bathed in a hydroquinone
and acetonitrile electrolyte. We examined the generation of acid by either a pH-
sensitive fluorescent dye, or by covalently attaching an acid-sensitive fluorescent
molecule to a microscope slide, placing the slide on the microelectrodes, and ob-
serving destruction of the fluorophore by the acid (see Figure 17). We quickly
verified through this fluorescent system that not only the voltage, but also the
distance between the microelectrodes and the slide affected the shape and inten-
sity of the fluorescent patterns produced. As this distance was not easily con-
trolled in the arrangement, we realised that reproducible synthesis on a substrate

required accurate control of the gap between electrode array and substrate.

3.4.3 Substrate Positioning and Reagent Delivery

The synthesis of oligonucleotides required one electrochemical deblocking step at
each synthesis cycle. During electrochemical deblocking, the substrate was moved

very close to the microelectrodes to expose it to the acid. At other steps in the
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cycle, the gap was enlarged to provide enough space to flush reagents. A me-
chanical positioning device (Figure 12) was engineered to maintain alignment of
the substrate with the microelectrodes, so that each deblocking step used to at-
tach another residue to the growing oligonucleotide occurred in its proper loca-
tion.

A micrometer head actuated a piston to which the substrate was attached. A
cylinder housing this piston was clamped to the microelectrode wafer surface to
create a sealed reaction chamber through which electrolyte and synthesis reagents
were delivered from a conventional oligonucleotide synthesiser adapted to the
volume of the chamber and synchronised to the microelectrode activation by
computer. This system automated the hundreds of chemical delivery, washing,
electrode activation, and substrate positioning steps necessary for oligonucleotide
synthesis; it enabled us to test many synthesis conditions, requiring thousands of

chemical steps, with relative ease.

3.4.4 Chemical Synthesis

The chemical protocol we used with the microelectrode device borrowed many
steps from the well-developed phosphoramidite method for oligonucleotide syn-
thesis; however, we used the microelectrodes to generate acid during the deblock-
ing step, replacing conventional deblocking by dichloroacetic acid. This step is

very sensitive to the acid used and the reaction time. Significant losses result if it
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is not carefully optimised. Indeed, early literature reports document numerous
optimisation trials using a range of acid strengths, many with only moderate suc-
cess . We anticipated similar difficulties, as we sought to perform the de-
blocking using electrochemically-generated acids uncharacterised in the context
of oligonucleotide synthesis. However, exploiting the flexibility inherent in the
electronic control of the microelectrodes and substrate positioning, we were
quickly able to establish conditions generating high synthesis yields.

We considered that the oxidation of hydroquinone in acetonitrile would lib-
erate free protons; initial experiments indicated the possibility of generating a
wide range of acidities confined to regions near the anode™, so we used this elec-
trolyte system while examining the effects of other reaction parameters. The size
and shape of the microelectrodes can be varied; we used an array of 40 um linear
electrodes for a detailed investigation of other synthesis conditions.

In early experiments, we observed effects of acid at the substrate by simply
(covalently) coating the substrate with an acid-sensitive fluorescent reporter sub-
strate and observing its destruction in low pH (as in Figure 17). Subsequent
techniques relied on a single, acid mediated deblocking step of a 5'-dimethoxy-
thymidine coated substrate; after deblocking, the resulting free hydroxyl groups
were acetylated and the remaining blocking groups removed by treating the entire
surface with dichloroacetic acid. In this system, the pattern of electrochemical

deblocking was revealed by treating the surface with a fluorescently-labelled
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phosphoramidite so that fluorescence would be present only in regions wnaffected
by the electrochemically generated acid.

Using this simple one step synthetic process, we examined the effect of over
200 different combinations of voltages (from 0.3-1.9V) and substrate-
microelectrode gap distances (from 1 pum to 180 um). An abridged set of these
results is shown in Figure 17, where the dark regions represent areas of electro-
chemical deblocking. These experiments demonstrated that deblocking was com-
plete and well-confined by the microelectrodes using potentials ranging from
1.18-1.5 V. Surprisingly, varying gap distances from 2-180 pm had little effect on
the pattern produced (to be discussed elsewhere).

From this exploration, we selected a range of mild conditions which removed
blocking groups in high yield and then used these specific conditions to perform
five electrochemical deblocking steps in building a six-base oligonucleotide.
Yields of the hexanucleotide were determined by hybridisation to a fluorescently-
labelled complementary oligonucleotide, known to bind only to a complete six-
nucleotide sequence. We performed 80 different syntheses using this test; the
abbreviated results are shown in Figure 18, where white regions indicate areas
where five rounds of both electrochemical deblocking and subsequent base addi-
tion were successful. This result demonstrates a promising approach to 7 situ

DNA synthesis using microelectrodes, and will be described in detail elsewhere.
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This study illustrates the advantages of the flexible, electronically controlled,
highly parallel features of the microelectrode device. Indeed, the parallel features
of the device were used here to quickly optimise the sensitive deblocking step for
oligonucleotide synthesis. The array configuration of the electrodes lends itself
to the combinatorial fabrication of large libraries of biomolecules or other prod-

ucts.

3.5 Conclusions

Oligonucleotide synthesis, in confined regions of a substrate, at high yields was
achieved using electrochemically generated acids at microelectrodes held near a
substrate. The ease with which synthesis conditions were modified electronically
demonstrates the flexibility of the technique. As many chemical syntheses pro-
ceed by alternating steps of coupling and deprotection the method should be
generally applicable to fabrication of arrays of other types of molecules. Other
uses for the method could include etching, polymer deposition, or generally many
types of surface modifications.

Connecting each of the microelectrodes to a separate conductor limits the
number of microelectrodes that can be connected in an array. A more elegant
alternative would be to generate, switch, and measure the electrode activity by

CMOS transistor logic on the microelectrode array itself. Such devices have been
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made for analytical applications, but the higher current required for synthesis
could present materials compatibility problems. Furthermore, moving from lin-
ear electrodes to “pixels” or spots would require careful adjustment of the syn-
thesis conditions to maintain high resolution and reasonable yields. Should such
a large-scale fabrication process be feasible, only a few connections to input digi-
tal logic and power would be necessary to drive synthesis by a very large array of
small microelectrodes; the density of the electrodes would be limited only by the

smallest sizes achievable by photolithography (presently better than 0.12 pum).
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3.6 Figures

Figure 9 Conventional thin-film materials destroyed during attempted synthesis
of oligonucleotides. This electrode would be suitable for low-current analytical
or electrophoretic applications, but proved unstable under the relatively high cur-
rent densities required for zz-sitn DNA synthesis. This scanning electron micro-
graph shows the destruction of aluminium microelectrodes after applying the
1.33 'V for 10 s necessary for synthesis. Platinum, although electrochemically in-
ert, was not suitably adherent and durable for repeated use.
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Figure 10 Iridium microelectrodes fabricated using a photolithographic proce-
dure (shown in Figure 11). The electrodes were electrochemically inert, conduc-
tive, stable to oligonucleotide synthesis reagents, and adherent to silicon dioxide.
This scanning-electron micrograph shows 5 um iridium microelectrodes after
approx. 100 electrochemical oxidation steps at the same voltage and duration as
for the aluminium electrodes shown in Figure 9. There are no signs of deterio-
ration.
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Figure 11 'The relatively simple, 9 step, two layer, thin-film lift-off process de-
veloped for fabricating the iridium microelectrodes.
photoresist patterning, followed by electron-beam iridium deposition, silicon di-
oxide dielectric deposition, annealing (not shown) and wire bonding resulted in
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inert, adherent, and very durable iridium microelectrodes. See text for details.
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Figure 12 'The electronic circuitry used to apply potential to each of 96 inde-
pendent microelectrodes. Precise software-controlled voltages were delivered by
low output impedance, low drift operational amplifiers (A) switched by digitally-
controlled analogue-switch multiplexers (digital signals at A and B switched the
X0..3 and Y0..3 inputs to X and Y outputs) shown in this abbreviated schematic.
The current-to-voltage instrumentation amplifier circuit (B) delivered very low-
noise microelectrode current measurements to a computer. Amplification levels
were digitally-controlled (not shown) for full dynamic range; noise was measured
as less than 1% RMS with typical 100-1000 nA microelectrode currents.
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Figure 13 Example microelectrodes. Each of 96 linear microelectrodes were
connected to the computer-controlled circuitry by 22 pm gold wire bonds on an
aluminium padding. The left figure shows an example device with various elec-
trode widths and pitches (enlarged view at right). Unlike typical electroanalytical
microelectrode configurations, the separate connections to each iridium micro-
electrode allowed individualised control for parallel 7z situ synthesis. In essence,
each of the microelectrodes was connected to a separate output as shown in
Figure 11 and Figure 12 during activation.
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Figure 14 'The piston and cylinder microfluidics flow cell used for zn-situ synthe-
sis on a substrate. The cylinder of the flow cell was clamped against the face of
the microelectrodes, and the substrate was attached to a movable piston inside
the cylinder (not visible). Manipulation of the micrometer drive moved the pis-
ton, thus placing the substrate at any measured distance from the microelec-

trodes.
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Figure 15 An example of current measurements at a single anode (1.35 v) with
two flanking (grounded) cathodes. Noise and drift minimisation by the circuit in
Figure 12 allowed relatively accurate and precise measurements. This plot shows
that current reaches a steady state after about 2.5 s. At the anode, each electron
removed from solution yields one proton. Thus, the total number of protons
liberated during a given step may be calculated from these measurements (de-
tailed in Figure 16).

68



CHAPTER 3: A MICROELECTRODE ARRAY DEVICE FOR HIGH-RESOLUTION
IN STTU BIOMOLECULE SYNTHESIS ON SURFACES

08 10 12 14 16
EP (volts)

Figure 16 Total measured quantity of acid produced (IN,) during a synthesis
step at various voltages. The current measurements taken at each electrode (as
shown in Figure 14) are directly related to the amount of acid produced. Moni-
toring the current thus permits direct observation of the synthetic process in real-
time. N, was calculated simply as the integration of the current over time di-
vided by Faraday’s constant. The graph represents three replicate measurements
from 40 um microelectrodes, with voltages applied for 20 s. The patterns pro-
duced from these conditions are shown in Figure 17.
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.35\ 1.50V

Figure 17  Effects of microelectrode-generated acid on a surface (the “sub-
strate”) held near the microelectrodes. The dark bands on the confocal-
micrograph shown here signify locations where acid from the underlying micro-
electrodes reached the substrate to destroy a previously attached, acid-sensitive
fluorescent molecule (detected by the microscope). Individual control of each
electrode allowed simultaneous application of current at controlled voltages (as
labelled). Current measurements for these experiments are shown in Figure 16.
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Figure 18 Demonstration of oligonucleotide synthesis using the microelectrode
device. In this image, a complementary, fluorescently-labelled oligonucleotide
reporter indicated five successful steps of electrochemical deblocking and cou-
pling. The white areas represent regions where acid was generated for synthesis.
The increasing fluorescent intensity with increasing time (identical for each of the
5 synthetic steps) demonstrates the ability to regulate the extent of chemical reac-
tion electronically.
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Chapter 4

Electrochemically Directed
Synthesis of Oligonucleotides
for DNA Microarray Fabrica-

tion

This chapter focuses on the DNA synthesis and microarray application components of this
work. It was submitted for publication as a full paper’ in Nucleic Acids Research in Sep-
tember 2003. With the exception of the data in Figure 24, which was performed in collabo-
ration with Tim Fell, all experimental work and writing was conducted primarily by the anthor

of this thesis.

4.1 Abstract

We demonstrate a new method for making oligonucleotide microarrays by syn-

thesis zz sitn. The method uses conventional DNA synthesis chemistry with an

4 Manuscript authors: Ryan D. Egeland (corresponding) and Edwin M. Southern.
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electrochemical deblocking step. Acid is delivered to specific regions on a glass
slide, thus allowing nucleotide addition only at chosen sites. The acid is produced
by electrochemical oxidation controlled by an array of independent microelec-
trodes. Deblocking is complete in a few seconds, when competing side-product
reactions are minimal. We demonstrate the successful synthesis of 17-mers and

discrimination of single-base pair mismatched hybrids. Features generated in this
study are 40 pum wide, with sharply defined edges. The synthetic technique may

be applicable to fabrication of other molecular arrays.

4.2 Introduction

DNA microarrays are increasingly used in the biological sciences to help interpret
the data emerging from large-scale genome sequencing. They are used for the

. . . 1-3 . .
analysis and comparison of gene expression levels ~, resequencing genes to iden-

4,99

tify mutations” "', analysis of sequence polymorphism on a large scale*”, optimi-

sation of antisense oligonucleotides’, basic studies of molecular hybridisation”®
and analysing DNA-protein interactions'>. Several methods have been developed

to fabricate arrays. One set of methods deposits spots of presynthesised nucleic

16

acids on the surface of the support3, or on microbeads’. In others, probes are

17-20

synthesised 2 situ Each method has its strengths and weaknesses. An ideal

method of array fabrication would be rapid so that an array could be designed
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and made within a few hours; would have high spatial resolution to reduce the
size and hence the amounts of reagents used in hybridisation; would allow the
use of different chemistries so that probes could be made with different back-
bones and bases; would allow 3' or 5' attachment so probes could be used in en-
zymatic extension as well as hybridisation based tests; would be programmable so
that a computer file would direct defined sequences to defined sites on the array.
No existing method of array fabrication meets all these criteria. A photolitho-
graphic method provides high spatial resolution'® and has proven successful for
repeat manufacture of the same oligonucleotide sets. But as each oligonucleotide
set requires a new mask set, the method is less suitable for custom designs. A

new light-directed method”, which uses programmable microarrays of mirrors

rather than masks, may eliminate this problem and new photolabile protecting
groups may improve coupling yields”, which are reported to be lower than con-
ventional oligonucleotide synthesis yields at present”. Physical masking using
mechanical flow cells and conventional synthetic chemistry gives high coupling
yields and also provides high resolution, but is best used for sets of probes with
related sequences, such as all sequences of a predetermined length®, or tiling
paths of all oligonucleotides complementaty to a gene of known sequence™. Ink

26-28
. However,

jet fabrication is rapid, highly flexible and has a high throughput
its resolution is limited by the accuracy in aiming droplets of reagents and by their

spread upon surface impact™.
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Ideally, all molecules at each location in an array should have the same prede-
fined base sequence. For iz situ synthesis, whereby nucleotides are coupled one at
a time to the growing chain, non-quantitative yield at any nucleotide addition re-
sults in a defective oligonucleotide probe at that location on the array. This
problem places heavy demands on the chemistry for oligonucleotide synthesis,
which must have high stepwise yields with a minimum of side reactions for each
chemical step required to add a nucleotide.

In this paper we describe a new method for directing the synthesis of oli-
gonucleotides on the surface of a solid support, which uses electrode arrays to
induce electrochemical reactions in highly localised regions. The microarray
(“DNA chip”) is made on a planar substrate of either glass or silicon dioxide, the
face of which is placed against the electrode array for the duration of synthesis.
At each step of synthesis, acid is produced in confined regions by application of
current to individual electrodes, directing patterned removal of protecting groups
on the adjacent substrate. We demonstrate the rapid synthesis of 17-mers, in
small, confined regions and show discrimination of single base mismatches by

hybridisation.
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4.3 Results

Others have made arrays by attaching presynthesised nucleic acids to electrodes™,
and it is possible to make arrays by iz situ synthesis on electrodes’. In these sys-
tems, the array of electrodes becomes incorporated into the nucleic acid array.
However, oligonucleotides synthesised directly on electrode surfaces may be sub-
ject to destructive electrolysis products, and there are advantages to using an elec-
trode array as a printing tool so that one such tool can make many arrays. Our
objective was to make a device similar to a printing tool, with addressable, indi-
vidually controlled, electrodes, so that the same tool could make arrays with dif-
ferent sets of oligonucleotides.
To evaluate this method of making microarrays we addressed five areas:
e manufacture of suitable, robust microelectrodes
e development of a programmed power supply to deliver predeter-
mined potential to each electrode independently for a preset duration
with means to measure current at each electrode
e construction of an automated reaction system including a sealed
chamber in which to carry out the electrochemistry and nucleotide
coupling reactions
e choice of electrolyte

e optimisation of reaction parameters.
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The apparatus and its construction (summarised in Figure 19) will be de-
scribed in detail elsewhere. The most important element of the apparatus is the
array of metallic electrodes. These corrosion-resistant electrodes were linear,
40 pm wide, separated by 40 um gaps, and fabricated by thin-film photolithogra-
phy. The accompanying control circuitry allowed independent addressing and
current measurement at each electrode. The electrodes were durable, and used
for over 500 cycles without mechanical or electrical deterioration (as determined
by scanning electron microscopy and resistivity measurements). This paper is
mainly concerned with the choice of reaction conditions to give the maximum
oligonucleotide yield in well-defined microscopic areas on a glass or silicon sup-

port.

4.3.1 Electrochemical generation of acid by arrays of

microelectrodes and interaction with an apposed substrate

Oxidation of an electrolyte solution after application of current to microelec-
trodes liberates acid at the anodes; concomitant reduction at the cathodes con-
sumes acid (Figure 20). The ions and radicals generated by these redox reactions
at the electrode surfaces move away from the electrodes and to the substrate
through a combination of diffusion, migration, and convection effects. During

this transit time the electrode products may further react. Once the primary or
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secondary products reach the substrate, they may either react to remove protect-
ing groups (deblock), facilitating coupling of the next nucleotide or depurinate
and thereby destroy the oligonucleotides already synthesised. This complex na-
ture of the system precludes modelling without unreasonable assumptions and so
we have developed an empirical approach, which allows us to see the end result
of acid reacting with groups on the surface of a glass substrate placed against the
electrode array.

We used fluorescent dyes as reporter groups. In an extensive set of experi-
ments, fluorescent Cy5 groups were attached to any regions where the electro-
chemical reactions exposed free hydroxyl residues using otherwise conventional
DNA synthesis chemistry. These preliminary experiments (results not shown)
allowed us to find a range of conditions which gave high deblocking yields in well
defined regions. They also established the basic shapes and dimensions of the
patterns of deblocking on the adjacent surface, and showed the effects of varying
the voltage, the duration of the pulse, the spacing between electrodes and the dis-
tance separating the microelectrode array and the surface of the substrate. One
unexpected result of this series of experiments was the high edge definition of
the pattern generated by the action of the protons on the substrate surface. We
have shown that this effect is due to annihilation of protons by the electrode

products of the cathodes which flank the anodes™. Another desirable outcome of
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this effect is that diffusion of reactive protons to adjacent regions is suppressed
to an insignificant level.

The total yield of oligonucleotide on the surface is likely to be of the order of
1-10 pmol per mm” - too small to measure via direct methods or via high pres-
sure liquid chromatography analysis (HPLC) after cleavage from the surface'”.
To overcome this measurement difficulty, we estimated the synthesis yield of oli-
gonucleotides, and hence the extent of the electrochemical reactions, from the
level of hybridisation to a complementary fluorescent probe. For semi-
quantitative analysis, we took three sets of measurements for each experiment at
different photomultiplier tube (PMT) voltages so as to view all intensity values of
the sample in a linear response region of the PMT. This approach was sufficient
to optimise stepwise coupling yield, as it was easy to determine which set of con-
ditions produced the highest yield. An indirect approach to estimating the rates

of deblocking and depurination is described in the next section.

4.3.2 Synthesis of oligonucleotides using electrochemical

deblocking

The yield and quality of oligonucleotides are of great importance for any 7 situ
method of making oligonucleotide arrays. In the method presented here, only the
deblocking step differs from conventional phosphoramidite oligonucleotide syn-

thesis chemistry. Coupling yields are close to quantitative for synthesis on col-
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umns of controlled pore glass, with moderate excess of reagent over the large
number of active sites on the solid support”’. For the planar glass substrate used
in this work, the excess is orders of magnitude larger. We therefore assume
100% coupling efficiency and consider how the overall yield of oligonucleotide is
affected by incomplete deblocking and losses due to depurination. In a series of
experiments, a six base sequence, 3' CGCATC 5' was synthesised on top of a
lawn of dA,, introduced to maximise detection of any electrochemically induced
depurination (dA is the most acid-depurination sensitive base'”") Only the last
two bases were coupled electrochemically. In one set of range-finding experi-
ments, time was varied over a wide range (e.g. Figure 22), and in another ex-
perimentation set, the voltage was varied (results not shown). The synthesis of
the hexanucleotide was observed by hybridising to a Cy5-labeled target contain-
ing the complement of the above sequence (detailed in methods section where
the two nucleotides were added as shown in Figure 21b). This target hybridises
only to the full six base sequence of the probe; absence of any one of the six

bases abolishes hybridisation.

4.3.3 Rates of deblocking and depurination and synthesis yields

Deblocking in the region of the substrate opposite the anode is rapid. The dis-
tribution of hybridisation intensity produced by electrochemically deblocking for

three to five seconds (Figure 22) suggests acid has reached the substrate surface
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as a cylindrical diffusion layer “wave front.” At 3 seconds, the intensity at the
centre of the stripe is higher than the intensity at the edges. The overall intensity
has increased at 5 seconds, and by 8.5 seconds the profile has a flat top, indicat-
ing complete deblocking. After 11.1 seconds, the intensity in the middle of the
stripe decreases, indicating loss of oligonucleotide by depurination in this region
most exposed to acid.

After 11.1 seconds deblocking for each of two steps, fluorescent intensity in
the middle decreased by 4.2%, relative to the peak edge intensity, which we as-
sume to represent complete deblocking. This analysis suggests a small average
loss of yield of ca. 2% per step in the middle of the stripe at 11 seconds. Losses
by depurination at earlier times, when deblocking is complete, are much smaller,
as the rates of both deblocking and depurination accelerate rapidly over the early
time period as acid begins to reach the surface. Thus, loss of oligonucleotide in
the middle of the stripe is not detectable at 8.5 seconds, is 4.2 % at 11.1 seconds,
50% at 24.3 seconds, and nearly 100% at 41.0 seconds.

Other experiments show that losses in the middle of the stripes, where acid is
strongest, are less than 1% for conditions that give complete deblocking over the
width of the stripe. Syntheses of the 6-mer (Figure 21) and a 17-mer (Figure
23), with nine seconds of electrochemical deblocking at each step, show no
measurable intensity losses in the middle of the stripes. If there were 1% loss at

each step, there should have been 6% and 15% cumulative losses during the five
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and 16 deblocking steps used in the synthesis of the 6-mer and 17-mer, respec-
tively. Such high losses would produce stripes with decreased intensity in the
middle, resembling those seen in the later images from the time course experi-
ment (described above and Figure 22). However, the intensity across the 6-mer
and 17-mer stripes is uniform, showing that the loss during nine seconds of de-
blocking must be less than 1% and may be less than 0.5%.

In addition to demonstrating minimal depurination, these syntheses confirm
that deblocking is essentially complete at nine seconds. If deblocking were in-
complete in the multi-step synthesis of the 6-mer and the 17-mer, accumulated
low yields would produce profiles with low, rounded tops and diffuse edges,
similar to those seen in the early steps of the time course experiment (Figure 22,
3.0-5.8s). Instead, the intensity profiles have flat tops and sharp boundaries
(Figure 21 and Figure 23) indicating that deblocking is essentially complete in
each of the steps.

Finally, these results show that diffusion of acid into adjacent regions is con-
fined by the cathodes. As the overall width of the stripe continues to increase
with time (a manifestation of the cylindrical “wave front” mentioned above), the
effects of the cathodes maintain the sharpness of the edges; these effects, dis-
cussed in detail elsewhere™, result from the efficient annihilation of protons by
species produced at the cathodes and act to prevent synthesis cross contamina-

tion between adjacent electrodes.
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4.4 Discussion

This study explored the potential of a novel method for generating patterned sur-
faces by an electrochemical printing process. The printing tool was an array of
microelectrodes patterned on the surface of a silicon chip. By directing the cur-
rent to selected electrodes, chemical reactions were induced on the surface of a
substrate held close to the electrode array.

The deblocking step in oligonucleotide synthesis demands precise control.
Too much or too little deblocking over multiple couplings has a dramatic effect
on yields of long sequences. The independent control of the electrodes of the
array and the adjustable reaction synthesis chamber apparatus allowed us to ex-
plore multiple conditions such as separation between electrode array and sub-
strate, voltage, and duration of pulse. We were quickly able to establish a set of
conditions which gave well defined stripes of chemical transformation on the
substrate, with near complete deblocking and without serious depurination. Cre-
ating a 17-mer in good yield illustrates that this system is capable of precise and
reproducible control.

The electrodes used in this study were directly connected to a switchable
power supply. This configuration lends itself well to preliminary studies de-
scribed here. We aim to adapt standard fabrication methods, for example those
that have been used in the manufacture of visual displays and demonstrated in

related electrochemical applications'”; to develop a system in which the elec-
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trodes form a two dimensional array of small points, each switchable by indirect
addressing. This will allow for random access, with flexible addressing so that
the design of the array can be rapidly and easily changed from one run to an-
other. The sharpness of the edges of the chemical image suggests that 10-20 um
features should not be difficult to achieve. In addition, in other experiments we
have made features as small as 2 pm using a multilayer electrode (Figure 24).

A number of features distinguish this new method from alternative ways of
patterning surfaces such as photolithography, ink-jet printing, or the use of sten-
cil masks. As there is potentially no movement of parts between coupling steps,
loss of registration between the printing tool and the printed surface does not
lead to degradation of the chemical image. The method uses standard chemis-
tries, so it is fast and can be applied to the synthesis of oligonucleotides in either
chemical orientation or to nucleotide analogues for which standard reagents are
available. Electrochemical processes can generate a variety of active species, in-
cluding ions, radicals, and radical ions, depending on the electrolyte. In this
study, we chose an electrolyte which generates acid and used this reaction to re-
move an acid-labile protecting group during the synthesis of oligonucleotides.
However, the method is not limited to this application and could be used to gen-
erate arrays of other types of molecules and to pattern materials by etching or

deposition.
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4.5 Methods

4.5.1 Electrode and reaction chamber assembly

Electrode materials were chosen to exhibit high conductivity and chemical stabil-
ity under the harsh redox conditions employed during deblocking. Positive resist
photolithography was used to produce iridium metal (50 nm thickness) electrodes
on oxidised high-resistivity silicon wafers. After heat annealing and cleaning,
each electrode was individually connected by ultrasonic gold wire bonding to a
printed circuit board, where digitally controlled analogue switch integrated cir-
cuits activated electrodes chosen for a given deblocking step. Currents were ap-
plied as constant voltage sources regulated by independent operational amplifiers.
Parallel Low-noise instrumentation amplifier feedback circuits continuously
measured nanoamp-precision current at each of the electrodes. A computer,
programmed for this work, controlled all voltages, timing, and electrode switch-
ing, and collected current measurement data.

The piston and cylinder of the synthesis chamber assembly was machined
from PTFE, chosen to provide a good seal against the atmosphere and be resis-
tant to chemical attack by the harsh reagents used during synthesis. A fixed force
of 500 N, applied to the synthesis chamber assembly with a stepper motor-driven
clamp, sealed the reaction chamber assembly against the electrode array before

each experiment.
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4.5.2 Synthesis chemistry

A modified DNA Synthesiser (ABI 394 DNA Synthesiser, ABI) delivered all re-
agents to the synthesis chamber assembly. Delivered volumes of freshly pre-
pared electrolyte (25 mM hydroquinone and 25 mM benzoquinone with 25 mM
tetrabutylammonium hexafluorophosphate in anhydrous acetonitrile), phos-
phoramidite solution (0.1 M with 0.5 M tetrazole activator solution; Cruachem),
oxidizing solution (0.1 M iodine in 20% pyridine, 10% water, and 70% tetrahy-
drofuran; Cruachem), and washing solvent (acetonitrile), were individually opti-
mised to completely fill and rinse the reaction chamber cavity and allow sufficient
time for complete chemical reaction. The piston was routinely separated 800 pm
from the electrode during delivery of all reagents. For nucleotides added using
conventional deblocking, 3% dichloroacetic acid in dichloromethane was used in
place of the electrolyte solution.

The solid support used for synthesis was a glass chip derivatised with (3-
glycidoxypropyl)-trimethoxysilane and a polyethylene glycol linker”. An initial
DMT protected dA residue was then added across the entire support surface to
present a DMT group to the first deblocking step.

Preliminary experiments established that, holding all other variables constant,
decreasing the voltage at the electrodes, shortening the current application time,
or increasing the separation between the electrode array and substrate decreased

the quantity of acid reaching the substrate. In optimising the acid exposure for
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all work described here, we fixed the voltage of the anodes at 1.33 V with respect
to the cathodes and maintained a separation distance of 40 pum, while varying

only current application time (ranging from 0.5 to 90 seconds).

4.5.3 Hybridisation to synthesised probes

Probes were deprotected according to the method of Polushin'”

by immersing
the entire substrate in a 50% aminoethanol, 50% ethanol solution for 25 minutes
at 60 deg C. Hybridisation targets were 5' labelled with Cy5 (Amersham) and pu-
rified by HPLC. Hybridisation reactions were carried out at 25 deg C in solutions
(5 pl) containing 50 pmol/ul target, 0.1% w/v ficoll, 0.1% w/v polyvinylpyrroli-
done, 0.1% bovine serum albumin pentax fraction V, 20 mM Tris HCI, 50 mM
KCl, 10 mM MgCl2, and 1 mM EDTA, in distilled water, (pH 8.3) by introducing
the solution between a glass coverslip and the substrate. A brief, room tempera-
ture wash in hybridisation buffer was used to remove any non-specific interac-
tions without significant dissociation of the target. Hybridisation to the substrate
was analysed by a Leica TCS NT confocal microscope with maximal pinhole ap-
erture, in photon counting mode. As substrate alignment in the microscope focal
plane is difficult to achieve, but important to measured readings, each signal was
maximised by adjusting the microscope stage before measurement. Because the

full range of hybridisation signals exceeded the dynamic range of the microscope,

each sample was observed with three or more PMT voltages to ensure measure-
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ment of the full signal range of each sample. Images from the confocal micro-
scope were captured in a digital format and quantified using “The Image Process-

ing Toolkit” (Reindeer Software) in Adobe Photoshop 6.0.
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4.7 Figures

Detail Shown
Computer-Controlled in Figs 2-3  DNA Chip
Microelectrode Array K Being Produced

Synthesis
Reagents In
Reagents Out

PTFE

Cylinder Micrometer

Drive

Figure 19  Apparatus used for electrochemical treatment and oligonucleotide
synthesis. Synthesis is accomplished in a reaction chamber in which an array of
electrodes directs acid deblocking to confined regions on a solid support, a glass
chip. The surface of the electrode array is sealed against the end of a PTFE cyl-
inder to create a cavity. The glass chip is mounted on the end of a PTFE piston
positioned by a micrometer drive. During the electrochemical deblocking step,
the chip is presented to the electrode array by moving the piston forward to a 40
um gap. The piston is then moved back to widen the gap to 800 um to allow the
cavity to be flushed with solvent, electrolyte, or solutions of reagents at the dif-
ferent stages of oligonucleotide synthesis, delivered from an ABI 394 DNA Syn-
thesiser. A computer coordinates and controls the overall process: delivery of
reagents from the synthesiser and application, switching, and measurement of
current to the electrodes. Oligonucleotides of predetermined sequence can be
made at any desired positions on the chip by appropriate programming of the
electrochemical deblocking and nucleotide coupling steps.
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(a) Electrode and DNA Chip Geometry (Section)
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(b) Electrochemical Acid Generation (Side View)
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(d) Nucleotide Coupling
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Nucleotide Couples Only in Deblocked Region

Figure 20 Chemical reaction cycle. (@) Alternating electrodes of the array were
connected as cathodes and anodes and placed adjacent to a glass chip with the
apparatus in Fig. 1. (b) The electrolyte held between the surface of the chip and
the electrode array comprises a solution of hydroquinone (HQ) and benzo-
quinone (Q) in acetonitrile. Oxidation at the anode produces acid (in the shaded
region) and regenerates the benzoquinone consumed by cathodic reduction.
Acid (H+) migrates away from the anode. Acid which migrates sideways reacts
with cathodic products. () Acid which migrates downwards will meet the sur-
face of the chip where it induces deblocking (removal of the dimethoxytrityl
group (®) from the end of the oligonucleotide chain) thus selectively determining

where the next nucleotide (N-®) additions will occur (d). The amount of reac-
tant produced and therefore the extent of modification of the surface depends on
the strength and duration of the current.
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Figure 21 Evaluation of electrochemical deblocking by hybridisation to a fluo-
rescent complementary hexamer. (@) The hexamer was synthesised by adding six
bases on to a presynthesised “lawn” of ten dA nucleotides (dA is the residue
most sensitive to acid depurination) to maximise sensitivity to depurination reac-
tions. (b) Electrochemical deblocking, followed by base addition was repeated
six times (for the result shown) to produce the hexamer. (¢) This electrochemi-
cally synthesised oligonucleotide was detected by hybridising to a complementary
target known to hybridise in high yield only to the complete hexamer probe se-
quence. (d) The resulting fluorescent image of the complementary target; the
high signal of the complementary target with respect to background fluorescence
shows that synthesis of the hexamer was in high yield, even under the adverse
conditions of a purine-rich “lawn.” The shaded region shows where electro-
chemical deblocking was performed as in Figure 20b-c and the white plot indi-
cates fluorescent intensity across the image (arbitrary units).
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200um

L Middle
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Figure 22 A time course experiment with synthetic steps as shown in Fig. 3.
The images show hybridisation to stripes of hexadecanucleotide,
AAAAAAAAAACGCATC, made by coupling the first fourteen nucleotides over
the whole surface. For the final two couplings, deblocking was carried out elec-
trochemically. In each image, the duration for each deblocking step (in seconds)
is shown in the upper left. The white plot indicates fluorescent intensity across
each image; the units are arbitrary but consistent for all images.

At short times (approximately three seconds at each of the electrochemical de-
blocking reactions) the yield is low, because deblocking is incomplete. Intensity
of hybridisation increases to a maximum between 5.8 and 8.5 s. With prolonged
exposure to acid, depurination becomes more pronounced in the middle of the
stripe where acid is most concentrated (11.1 s-24.3 s), but the edges still show
high intensity, indicative of quantitative yield. Only after extremely long expo-
sure to acid (41.0 s, bottom) does edge intensity decrease, after almost all of the
middle has been depurinated. Even after such long exposures to acid, the edges
remain sharp, indicating that the acid generated at each electrode is strictly con-
fined and demonstrating minimal cross-talk between adjacent electrodes.
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Target: A Target: S

Figure 23  Hybridisation of fluorescently-labelled wild-type “A” human (-
globin oligonucleotides to electrochemically synthesised 17-mers. This confocal
micrograph shows images of hybridisation to the matched target “A” human
haemoglobin mRNA (left) and mismatched target “S” type sickle cell mutant
mRNA (right). All 17 residues in the probe were coupled after electrochemically
deblocking the previous residue. The peak signal for the matched target on the
left is about 4.5 times that of the mismatch on the right. These images demon-
strate high fluorescent intensity with good discrimination indicating high syn-
thetic yields in these preliminary experiments.
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20pm
P

Figure 24 Demonstration of small feature sizes. A multi-layer microelectrode
device with 2 micron microelectrodes was used to attach a single fluorescently-
labelled phosphoramidite to a solid surface using the electrochemical deblocking
methods as shown in Figure 20. Confocal microscopy of the fluorescent mole-
cule reveals features approximating the size and shape (the letter “F”) of the mi-
croelectrode used for synthesis. The relatively sharp and small features demon-
strate the potential of electrochemical syntheses for high-density molecular array
fabrication.
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Chapter 5
Discussion 1

Electrochemical Microatray
Fabrication: Outcomes and
Comparison with Existing

Methods

This chapter highlights and discusses the electrochemical microarray fabrication technigues devel-
oped in this work. Particular attention is focused on comparison with other array fabrication

methods. "The chapter integrates discussion of this work as a whole.

5.1 Review

The manuscripts contained within this thesis have discussed in detail the design
and construction of a microelectrode and fluidics system used for z situ oligonu-
cleotide synthesis for DNA microarray fabrication. First, the development of the

hydroquinone and benzoquinone electrolyte and demonstration of the control of
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diffusion through the reversible redox annihilation process at the zone between
anodes and cathodes (Chapter 2) permitted spatially-confined, high-density,
multi-step syntheses. Second, the fabrication of the microelectrodes and design
of the fluidics and positioning system and accompanying electronics and software
(Chapter 3) enabled subsequent highly-parallel experiments exploring effects of
electrolyte composition and electronic parameters such as voltage, current, and
pulse timing on patterns produced on the substrate. Exploration and optimisa-
tion of this surface patterning method in the context of oligonucleotide synthesis
(Chapter 4) enabled successful and reproducible electrochemical construction of
six-base sequences in high yield. Seventeen base sequences were synthesised as a
final demonstration of the entire system, with discrimination of single-base mis-
matches detected in the human haemoglobin gene sequence.

As the electrochemical systems and techniques introduced in this thesis are
new, evaluation of the results can be considered in the context of other existing
micropatterning methods, with a focus on synthetic oligonucleotide DNA micro-
arrays in particular. As mentioned, the immense number of distinct chemical
steps involved in production of a single DNA microarray device brings unique
mechanical, fluidics handling, synthetic chemistry, and quality control challenges;
the apparatus and systems presented in this thesis go far in solving these. That

no single microarray fabrication system has yet proven best for all circumstances,
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despite a decade of intensive research, demonstrates the challenges and continu-
ing evolution in this fast-moving scientific field.

Ultimately, the practical utility of a device made with the electrochemical
methods presented in this thesis will be determined by its suitability in particular
biological applications. Although different applications exploit specific device
capabilities to various degrees, certain characteristics are universally desirable, and
the electrochemical method presented here may be usefully evaluated in the con-

text of these characteristics.

5.2 Uniformity, Consistency, and Reproducibility

5.2.1 Spotting Arrays

Array analytical sensitivity is important, given the biological significance of subtle
variations in messenger RNA (mRNA) levels in gene expression analyses, or of
single-nucleotide mismatches in genomic analyses. The method used by many
laboratories, spotting pre-synthesised oligonucleotides or expressed copy DNA

(cDNA)>'"™ on glass, is prone to a number of problems. Non-uniform spots,

105,106
b

scratches, dye separation, and clumps commonly introduce significant error
decreasing the power of the analysis. These problems are compounded when the

probes are cDNAs, as the process of making the probes, by growing clones or
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polymerase chain reaction (PCR) amplification, often leads to replacement of the

desired probe by a contaminant'”'”,

Error rates as high as 40% have been re-
ported when multiple error-prone methods are combined''"'"". Furthermore, as
the state of bound DNA is ill-defined for cDNA probes'™, hybridisation to the
target may be unpredictable and difficult to control. The ink-jet and photolitho-

graphic arrays, given that each probe is designed synthetically, are much more

uniform than the spotting arrays.

5.2.2 Electrochemical Arrays

The electrochemical method, in contrast, allows specific direction of probe syn-
thesis 7z situ. The electrochemically directed deprotection reaction is driven by
solution chemistry and electronic switching of microelectrodes, rather than me-
chanical means of moving and depositing liquids. Because any inconsistency in
the electrolyte solution or electronic circuitry will be recognised through signifi-
cant current fluctuations, the current measured at each microelectrode gives a
useful check of chemical yields. Notably, this quality-control check occurs in
real-time; any deviations in the array fabrication process are noticed as the array is

made, rather than after hybridisation experiments reveal flawed probes.
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5.3 Fidelity of Synthesis and Length of Probes

5.3.1 Relevance of Probe Length

Some applications, such as the analysis of sincle nucleotide polymorphisms
(SNPs), exploit minor variations in probe sequence to detect target sequence
variation. For these applications, maximal sensitivity is achieved with short
probes, as they show relatively large changes in hybridisation yields with only sin-
gle base variations. In other applications, such as expression analysis, the probes
are used primarily to quantify total levels of relatively dissimilar targets. Although
short probes may be suitable for some of these applications', longer probes
minimise effects of site-specific interactions and melting temperature, and ensure

high complementarity to target, thus maximising detection sensitivity' .

5.3.2 Photolithographic Arrays

Existing photolithographic zz situ fabrication methods rely on a photo-deblocking
step that is inefficient relative to conventional solution-phase 5'-dimethoxytrityl
deblocking in acid. The resulting low stepwise yields, reported to range from 81-
94% depending on the nucleoside and its substituents™, restrict the maximum
oligonucleotide length on these photolithographic arrays to less than 25 nucleo-
tides. More efficient photolabile blocking groups™, or other photolithographic

processes, including the use of photochemically-generated acids to deprotect
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conventional dimethoxytrityl (DMT) groups'’, may increase yields. Nonetheless,
at present, it seems doubtful that any of the photo-deblocking methods will reach
the nearly quantitative yields”' now routine with conventional solution-phase oli-
gonucleotide synthesis. Indeed, the persistence of “descumming’” steps (required
to remove residual photoresist after exposure and development steps) in conven-
tional microelectronics photolithography, where there are no complex DNA syn-
thesis challenges, indicates the inherent difficulty of achieving quantitative yields

with even simple photochemical reaction systems.

5.3.3 Ink-Jet Arrays

In contrast to the photolithographic arrays, ink-jet based arrays rely upon con-
ventional oligonucleotide synthesis chemistry, resulting in correspondingly higher
yields. High-quality short probes may be produced for analysis of variation, or
probes in excess of 50 nucleotides may be used for expression analysis™*. The
ink-jet methods require precise mechanical alignhment of the print head, process

monitoring, and atmospheric control systems to ensure high-fidelity synthesis.

5.3.4 Electrochemical Arrays

This thesis demonstrates the electrochemical synthesis of 17-mers in high yield
with a hand-made prototype device. Measured coupling yields are high (likely

greater than 98%). Only the deblocking step, which is performed with an elec-
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trochemically generated acid in acetonitrile, differs from conventional oligonu-
cleotide synthesis. The concentration of the acid generated was easily controlla-
ble by manipulating the gap distance, applied voltage, or application time; a series
of optimisation experiments exploited this flexibility to reach high deblocking
efficiencies quickly. As the acid is generated in solution-phase, the deblocking
step may be driven to completion by maintaining high acid concentrations. Us-
ing excess reactant in this fashion to increase product yields is a commonly used
technique in organic chemistry, but has no direct equivalent in the case of photo-

chemical reactions.

5.4 Density of Probes

Fundamental physical dimensions (the diameter of double-stranded DNA is 2.4
nm and 0.34 nm from base to base) place an lower bound on the smallest array
feature size. Existing array fabrication techniques, however, do not approach this
limit, although it is possible to perform manipulation and hybridisation of DNA
at a molecular level in the limited scale of individually interrogated probes'™>'.
Thus, there is much room for improvement in array fabrication technology be-
fore molecular dimensions are reached; until that time, the primary impediments

to increased density are more those of practical engineering concerns than fun-

damental physics.
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5.4.1 Spotting and Ink-Jet Arrays

As cDNA-based arrays typically use a limited number of probes and are fabri-
cated by hand or robotically driven pins, most spotting arrays are fabricated on a
macroscopic scale. However, higher-density cDNA arrays can be made by more
precise piezoelectric driven “pens,” or by ink-jet based methods. The ink-jet
based methods typically achieve the smallest features (whether used for spotting
cDNA or synthesising oligonucleotide probes in-situ), but imprecision of the ink
jet printing head and spread of drops when they hit the surface limits ink-jet array

densities to about 10-100 probes per mm? (feature sizes greater than 100 pm) *.

5.4.2 Photolithographic Arrays

Photolithographic arrays have a density of 1000-2000 probes per mm?® (feature
sizes around 20 um). However, because the photolithographic arrays contain
short probes, between 30 and 40 probes must be used per target in a redundant

fashion"''*'"

, offsetting the advantage of high probe density. Thus, the overall
number of analysed targets per surface area is about the same for ink-jet and
photolithographic arrays. Whereas mechanical precision limits the density of ink-
jet arrays, diffraction, scatter, and internal reflection in the glass substrate blur the
edges of the probes in photolithographic arrays; nonetheless, the sub-micron fea-

ture sizes realised through advanced techniques in the microelectronics industry

demonstrate the potential for further miniaturisation.
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5.4.3 Electrochemical Arrays

The smallest single-step feature demonstrated through the electrochemical
method presented in this thesis is 3 pm (representing a theoretical probe density
greater than 100,000 per mm?), but the lower limit has not been aggressively put-
sued. The mechanical alignment of the substrate during reagent flushing, not
diffusion or size of the microelectrodes, limited the smallest synthesised oligonu-
cleotide probe to 40 um, with 120 um centre-to-centre distance. Assuming a
large library of probes deposited at this feature size, the equivalent probe density
(70-600 probes per mm?) compares favourably with ink-jet and photolithographic
arrays. Nonetheless, both the ability to make very small electrodes and the diffu-
sion-driven nature of the electrochemical process will limit the maximum densi-

ties possible through this electrochemical method.

5.4.3.1 Microelectrode Engineering Considerations

Multiple experiments presented in this thesis show that feature sizes on the sub-
strate correspond to the dimensions of the microelectrodes. As the microelec-
trodes used in these experiments were made through conventional clean-room
techniques, there is no inherent reason high-tolerance equipment already used
routinely in semiconductor manufacture could not be adapted to the process.
Fabrication of 5 um microelectrodes was accomplished in this work with dated

processes and equipment. Although clean-room capabilities limited device com-
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plexity to a relatively modest design of 96 linear, passively switched electrodes,
further integration of switching and measurement circuitry on the electrode de-
vice itself could readily enable hundreds or thousands of switchable microelec-

116,117
trode elements’ ™ .

Thus, the challenges of electrode design in this work did
not, and in principle should not, impede further attempts to increase array den-
sity.

The high currents necessary to drive the deblocking reaction to completion
required special microelectrode materials. Iridium microelectrodes were most
successful in these experiments, but as the electrolyte composition, applied cur-
rent, electrode materials, and electrode geometry all influence the rate of acid
reaching the surface, it may be possible to alter the most accessible of these pa-
rameters in future device designs. For example, exploring various electrolyte
formulations could be continued further than in this work; adding chemical sub-
stituents to the benzoquinone, varying the concentration of background electro-

Iyte, or even using a different solvent could improve compatibility with more

conventional electrode materials.

5.4.3.2 Fundamental Theoretical Limits

The 40 pm microelectrode size used in this work was chosen only for conven-
ience of manufacture in the clean room. Simple, single-step electrochemical pat-

terns, with sizes below 5 um, were created using this technique. Although ex-
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perimentally difficult to explore synthesis at very small dimensions, a comprehen-
sive theoretical analysis aided by a detailed computer model evaluates the ques-
tion of density and resolution for this technique. Presented in Discussion II,
the analysis suggests feature sizes below 2 um are not unreasonable using the
same chemical and electrochemical parameters as routine in this work. Com-
puter simulations strongly suggest that sub-micron features may be possible with
higher current, or a slightly modified electrolyte. Although the practical obstacles
to manufacturing and controlling a device at that scale may prove severe, theory
and simulation suggest that only engineering skill, and not fundamental physics

will limit the technique’s ultimate potential.

5.5 Ease of Fluidics and System Integration

5.5.1 Challenges in Fluid Handling

Oligonucleotide synthesis, whether performed through photolithographic or
conventional deblocking chemistry, requires the delivery of reactive solutions and
solvents including acetonitrile, dichloroacetic acid in dichloromethane, iodine,
tetrahydrofuran (THF) and pyridine, acetic anhydride, N-methyl imidazole, and
lutidine to a solid support (usually glass). Glass materials do not degrade on ex-

posure to these reagents, but other materials used in constructing the fluidics
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chambers, delivery lines, valves, and seals of a fluidics delivery system must with-
stand these harsh chemical conditions. Such design challenges limit the utility of
microfluidics techniques developed for non-reactive, aqueous liquid handling.
Furthermore, the coupling step during synthesis must be performed under anhy-
drous conditions; it is therefore necessary that fluid handling systems be impervi-

ous to outside air, or conducted under inert atmosphere.

5.5.2 Ink-Jet and Photolithographic Arrays

Only relevant to the 7 sitn fabrication methods, various systems have been de-
vised to deliver synthesis reagents for array construction. The ink-jet method, as
mentioned earlier, relies upon the movement of a mechanical printing head to
direct synthesis precursors on a substrate with localised hydrophobic and hydro-
philic regionsg1 to minimise spread of droplets when they hit the surface; the sub-
strate is then taken to a liquid handling station for treatment with the oxidising
and deprotecting reagents. One photolithographic system'"® requires the assem-
bly and disassembly of chrome masks at each base addition step, representing the
need for 100 chrome masks for arrays of 25-mers (although optimisation tech-
niques can reduce the number required). Other photolithographic systems'™'"”
use solid-state micromirror devices'” in place of chrome masks, thereby alleviat-

ing the expense of mask design and complexity of alignment. In these systems,

no moving parts are required for photolithographic array fabrication, as synthesis
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reagents can be flushed through a chamber sealed to one side of a glass slide,
with light directed from the opposite side, through the slide.

Fluid handling is also necessary during hybridisation for delivery of reagents,
generally with the array mounted in a flow system. In the micromirror-based sys-
tem'”, the same flow system is used for both hybridisation and synthesis. This
can be a disadvantage, as the machine is monopolised during hybridisation and
cannot be used to make another array. For both the mask-based photolitho-
graphic and ink-jet methods, the arrays are diced into chips which are assembled

into a custom flow device for hybridisation and processing.

5.5.3 Electrochemical Arrays

One advantage of the electrochemical method is that the work piece need not be
separated from the tool at any stage. The flow cell described in this thesis al-
lowed positioning of the substrate adjacent to the microelectrode array with an
accuracy of about one micron. Although it was necessary to move the substrate
further away from the microelectrodes while flushing synthesis reagents through
the chamber in this design, there is no inherent reason the fluids could not be
delivered through alternative means directly into the gap.

The sealed piston and cylinder used in the work presented here eliminated the
need to carefully re-register the lateral position of the substrate each time it was

moved back and forth for reagent flushing. Nonetheless, it became apparent that
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fluctuations in lateral alignment over the 34 piston movements during 17-mer
synthesis confounded the ability to direct electrochemical deprotection at pre-
cisely the same location on the substrate each time. As the piston and cylinder
apparatus was constructed with PTFE (“Teflon”), a relatively deformable poly-
mer, it is not surprising that there was some horizontal play in the piston; meas-
urement of this misalighment by confocal image analysis of defective probe at-
tachments indicated a possible 40 pm maximum deviation with 34 piston mo-
tions, with 5-10 um generally more typical.

Although this horizontal piston deviation proved irritating, it did not prevent
successful synthesis of long probes with a careful reproduction and control of the
piston motion from step to step. Furthermore, it may not be necessary to allow
such continuous control of the substrate in future designs; recall that the system
was designed to explore the effects of substrate-microelectrode gap distances on
the deprotection reaction. Subsequent flow-cell designs intended only for array
synthesis with these microelectrodes under optimal gap distances could employ
40 um stoppers attached to the microelectrode array and on which the substrate
would rest during deprotection. Precise and accurate substrate alignment in this
arrangement would be dependent only on the rigidity of the microscopic stop-
pers, rather than on the macroscopic fit of the piston and cylinder. In addition,
these stoppers could also be configured to limit the horizontal deviation, if this

indeed proved significant with smaller microelectrodes.
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5.6 Simplicity of Fabrication

Though this thesis focuses on the scientific and technical aspects of electro-
chemical microarray fabrication, discussion is only complete with a brief predic-
tion of difficulties in practice. Although technical advances are rapidly decreasing
costs per microarray analysis, very significant research and development expenses
and high equipment costs are typical of most means of making arrays at present.
Costs are falling, but the high investment required in clean-room construction,
mask development, and equipment upkeep and maintenance add significant ex-
pense to photolithographic arrays. The difficulty of maintaining the ink-jet head
alignment and fluidics over many thousands of runs could likewise prove trou-
blesome. The cDNA libraries or large sets of synthetic oligonucleotides used for
spotting arrays are expensive to buy and maintain.

Costs for the electrochemical method could be less than others, given the
mechanical simplicity of the fabrication apparatus. Reagents for 7z situ synthesis
are relatively inexpensive and the main cost is in the solvents. The most expen-
sive part of the apparatus is the microelectrode set, which can be reused to make
many arrays (one electrode set was used in this work over 1,000 times with no
sign of deterioration). The microelectrode sets, although customised designs in
this work, could be produced more cheaply in higher volumes at conventional

microfabrication facilities. The actual oligonucleotide synthesis lends itself to
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automation; equipment should be easy to maintain, given its simple design and

few moving parts.

5.7 Customisation of Probe Design

Some array fabrication techniques are best suited to large-volume production of
identical devices. For example, designing and making the many chrome masks
used for photolithographic arrays represents a significant expense, so that the
method is only reasonable when a known optimum, fixed set of probes is rele-
vant to a wide range of different investigations. Such a prerequisite is not feasible
in many applications. It may be necessary to change the probe set from one run
to another, for example, in experiments to optimise probe design. Likewise, add-
ing a probe for a newly discovered gene or a mutation in an existing set could
require an entirely new set of expensive masks.

The ink-jet and micromirror methods, in contrast, allow complete flexibility;
each array made may be different from any other. Changing the design is simply
a matter of changing the sequence data that drives the print head or micromirror
driver. Conversely, these methods may also be used for large-volume produc-
tion. However, as throughput is limited in the ink-jet method by the speed of the

print head, and in the micromirror method by the total number of pixels on the

111



CHAPTER 5: DISCUSSION I — ELECTROCHEMICAL MICROARRAY FABRICATION:
OUTCOMES AND COMPARISON WITH EXISTING METHODS

micromirror device, these methods may not scale well to higher volumes of fab-
rication.

The electrochemical method is similar to the ink-jet and micromirror array
methods in that the process is directed by a computer instruction set based on
the sequence content of the array. A change in design is effected by simply
changing the instruction set. This is not to say the method is unsuitable to large-
volume processing with multiple electrode sets. In other words, it is as easy to
make one thousand different, customised arrays as it is to make one thousand
identical arrays.

Many types of surface patterning reactions (other than the conventional oli-
gonucleotide synthesis presented here) could be controlled electrochemically.
First, acid may be involved in many other types of reaction on the substrate, for
example eliminations, substitutions, rearrangements and chemical etching. Like-
wise, electrochemically-generated bases could also be used to eliminate base-labile
moieties such as 9-fluorenylmethoxycarbonyl (Fmoc) or cyanoethyl groups, par-
ticularly relevant for peptide synthesis and peptide-oligonucleotide conjugation

. 121,122
chemistry =

. Radicals, halogens, and other reactive intermediaries generated at
microelectrodes could be used to elicit other exotic modifications. The large

range of possible chemical modifications leaves much room for many types of

probe synthesis and modification.
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5.8 Range of Applications

As discussed in the context of synthesis fidelity and probe length, long probes are
more applicable to expression profiling, while short probes are particularly suited
to genotyping. Most purposes can be served through ink-jet iz situ synthesis or
spotting pre-synthesised probes at present. Photolithographic arrays are not par-
ticularly suited to expression profiling given short probe length, although they
have successfully been used for this purpose'”, and higher coupling yields'**
could increase sensitivity and utility. One original disadvantage of the photo-
lithographic method was that the photolabile protecting group could only be
used to block 5" hydroxyls, precluding reverse oligonucleotide synthesis useful for
enzymatic extension-based detection methods, although new photocleavable
groups'” may permit such 5' = 3' syntheses.

The work described in this thesis does not push the electrochemical method
to its physical limits, but we know probe length and fidelity depends on efficiency
of chemical coupling at each base addition. The efficiency was demonstrated to
be very high. As the feature sizes are small, the electrochemical method here
could in theory combine the high density of photolithographic arrays with the
high fidelity of ink-jet arrays. Furthermore, as conventional oligonucleotide syn-

thesis reagents are used (with the exception of the electrochemical step which is

only a substitution of one type of acid with another), non-standard or exotic syn-
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theses (for example, reverse synthesis) will not require lengthy development of a

new photocleavable linker for each application.

5.9 Medical Applications

It is beyond the scope of this thesis to review in detail the immense range of bio-
logical and clinical microarray applications. For a short review of the recent
medical literature, see Appendix A.

Most arrays are used in research applications at present, but this will likely

. . . aqe . . 126-132
change as microfluidics capabilities improve'**"

. There are two types of clinical
diagnostic applications used in research laboratories: detection of molecular le-
sions associated with disease states, such as cancer, and analysis of gene expres-
sion associated with pathological states. These studies can aid in disease classifi-
cation, prognostic estimates, and help identify targets and biomarkers useful for
guiding treatment decisions. Cancer provides a useful example: the tremendous
breadth of somatic mutations possible in its initiation and progression can only
be captured practically through highly parallel means; arrays are particularly suit-
able, and have been shown to greatly supplement differential diagnosis, tumour
typing, and treatment planning in many human malignancies'*>"*.

At present, however, the cost of each microarray analysis prohibits use in

routine clinical diagnostic laboratories. With further development of fabrication
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methods, sample preparation techniques, analysis instrumentation, and data
analysis algorithms, costs will fall to levels appropriate for widespread use of mi-
croarrays in an outpatient clinical setting. It is hoped the electrochemical method
described in this work will become a useful tool in the future of genomic medi-

cine.
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Chapter 6

Discussion 11

Diffusion, Annihilation, and
Resolution:

Theoretical Considerations
and Digital Simulation

This chapter discusses the results of the electrochemical method in the context of fundamental
physical and chemical characteristics. 1t presents a theoretical framework for the high feature
resolution attained, describes a digital simulation used to explore the patterning properties, and
discusses theoretical limits to smaller patterned feature sizes. The discussion in this chapter was

Sfollowed by additional work leading to a brief paper, presented in Appendix B.

6.1 Context

As the acid generated at the microelectrode surface reaches the substrate by dif-

fusion, substrate patterning characteristics are affected by diffusive mass trans-
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port processes. Thus, not only the shape of the microelectrodes, but also the dis-
tribution and motion of acid in the electrolyte would be expected to limit resolu-
tion. Diffusion, in acting to homogeneously distribute the highly localised acid
generated at the surface of the microelectrodes, tends to spread acid everywhere
over the substrate. The edges of the features created in this work, however, were
sharper than would be expected from freely diffusing reagents.

The annihilation reaction, chemically characterised in Chapter 2, limits the
spread of acid in solution. Chemical interaction between the benzoquinone radi-
cal anion and proton in the region between the electrodes causes mutual annihila-
tion of these two electrode products. This acts to confine the acid to a zone de-
fined by the cathodes, which flank the anodes and generate the benzoquinone
radical anion. The boundary is surprisingly stable; it extends several tens of mi-
crons into the electrolyte solution, and is sustained for more than a minute. In
short, the annihilation process creates a reactant boundary such that acid can be
held in a defined location indefinitely. Although governed by an underlying dy-
namic process, such a physical state resembles the stable boundaries more typical
of solids. Indeed, the strict concentration boundaries of the reactants in solution
may be described as “solid state” chemistry in a liquid solution.

Initial attempts to characterise the annihilation reaction system mathemati-
cally revealed a relatively complex set of interactions. The rate of acid production

at the electrodes, its diffusion in solution, the kinetics of the annihilation reaction,
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the chemistry of the deblocking reaction at the surface, the geometry and electri-
cal switching of the electrodes, the substrate-electrode gap, and the nature of the
electrolyte all affect the patterning process. Furthermore, these variables are not
independent: diffusion depends on the rate of reactant production and its con-
sumption, the annihilation reaction depends on diffusion, the kinetics of acid
production depends on diffusion of reactants to the electrodes and their initial
concentrations, and so on. This complexity of the overall dynamics of the anni-
hilation reaction obscures any insight gained by observing, for example, diffusion
layer boundaries in isolation from other processes.

Although the system’s complexity limits the utility (and feasibility) of an ana-
Iytical approach to its variables, a numerical computer model proved helpful in
characterising the patterning process. Based on fundamental physical descrip-
tions of all system reactions and mass transport effects, the digital simulation
provided a powerful means of observing the complex physical chemistry behind
the delivery of acid to the surface. This section will briefly describe the develop-
ment of the simulation in the context of other approaches to the diffusion prob-

lem in electrochemical patterning, and the annihilation system used in this work.

118



CHAPTER 6: DISCUSSION II — DIFFUSION, ANNIHILATION, AND RESOLUTION:
THEORETICAL CONSIDERATIONS AND DIGITAL SIMULATION

6.2 Electrochemical Patterning

6.2.1 Existing Techniques and Limitations

A number of methods using electrochemical systems for patterning surfaces have
been described in the literature. Since its introduction more than a decade ago’“,
the typical electrochemical configuration involves moving a small wire tip across
an electrically active patterning material. Termed scanning electrochemical mi-
croscopy (SECM), electrochemical reactions induced at the probe tip may be
used to produce species which etch the patterning material. Although this
method has been used to etch features as small as 2.5 um in size”, the etchants
generated at the probe reach the surface by diffusion, which also acts to spread
the etchant laterally in solution (Figure 25). For example, a small 1.7 um elec-
trode (as arranged as in Figure 26) generates a 250 pm pattern after 20 seconds,
which grows to an immense 400 um after 80 seconds”.

In general, as dimensions of the electrochemical tool used to create a pattern
are decreased, diffusion will become ever more significant in moving reagents
away from the tool tip. This can be shown by a simple evaluation of Fick’s sec-

ond law

2
ac_oc
ot ox
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which relates the concentration of a species in solution C at location x as a
function of time ¢ and the diffusion coefficient D. From this expression, we see
that the steeper the change in concentration, the greater the rate of diffusion. As
decreasing the dimensions of the tool is analogous to a decrease in x, we can see
that diffusion becomes a problem at small dimensions.

Because of the limits diffusion places on the resolution of any electrochemi-
cal patterning process, various means have been devised to control it. One ap-
proach is to add a homogeneous scavenger species to the electrolyte solution
which acts to actively consume the etchant'”. Another method, suitable for deep
etching, employs very short pulses of a high voltage to limit etchant diffusion

§ o 232,136
ttme™ .

Although both methods increase attainable resolution, one must use
extremely short reaction times to maintain sharp resolution. The annihilation

reaction system used to control diffusion in this work differs markedly from

these approaches.

6.2.2 The Utility of Annihilation

The annihilation of protons generated at the anodes by the radical anions gener-
ated at the cathodes strictly confines the distribution of acid in the experiments
presented in this thesis. This fundamental physical reaction system effectively
constrains the action of the acid to a fixed range between the cathodes (Figure

27), so that very high definition features may be patterned on the substrate.
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These diffusion-confining effects are persistent throughout even long applica-
tions of current, indicated by the similarity of patterns produced after 5 and
80 seconds of reaction time. Furthermore, these effects serve to allow very sharp
edges at the substrate placed at up to 180 um from the electrodes (Figure 35). A
mathematical treatment of the annihilation process itself lends useful insight on

the nature of these observations.

6.3 Annihilation Physics and Chemistry

Annihilation processes in diffusive motion were first described numerically and
analytically by Toussaint and Wiulczek in 1983"". The chemical system, termed
in the theoretical physics literature an inhomogeneous two species annihilation
reaction, exhibits unique properties attributable to the physics of chemical inter-
action between two distinct species in solution. Consider the two-species annihi-
lation reaction A+B — 0. When particles of type A and B originate from differ-
ent locations in solution, a stable geometric arrangement of concentrations of A

138

and B will develop over time ™ (Figure 27). Thus, although individual particles

A and B diffuse freely in solution, the mutual annihilation reaction tends to create
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fixed concentration profiles®. The rate of the underlying annihilation reaction
occurring throughout the reaction zone also varies in space in a similar fashion.
In this dynamic chemical system, the shape of the concentration profile cre-
ated through the annihilation process is ultimately governed by both (1) the mag-
nitude of flux of species toward one another and (2) the chemical kinetics of the
annihilation reaction. In the electrochemical system used in this work, the stream
of reactants continuously generated at the microelectrode surface creates the op-
posing species flux. The free energy of species interaction (in other words, the
reaction free energy, ultimately determined by chemical structure, the nature of
the solvent, and the background electrolyte) determines the annihilation kinetics.
Flux. Hydroquinone oxidation at the anode directly produces protons, one
of the mutually annihilating species. At the cathode, the benzoquinone radical
anion produced by benzoquinone reduction represents the other species. As the
anode and cathode in this system complete an electrical current path, the number
of electrons participating in oxidation at the anodes must always equal the num-
ber participating in reduction at the cathodes (Figure 30). Because the
stoichiometry of the two reactions are equivalent (one electron generates one

charged product), it follows that the rate of proton and benzoquinone radical an-

¢ Given the complexities of the chemical interactions presented in Chapter 2, this is a gross sim-
plification, and is used only to illustrate annihilation processes in general. The computer simula-
tions discussed later incorporate the full complexity of the chemical system used in this work.
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ion production is always equal, and related to the current i by Faraday’s constant

F' and the definition of current,

dg 4G _ 1

I=—/,an
dt dt F

b

where C; is the total molar quantity of product produced through either oxida-

tion or reduction. Once generated at the surface of the microelectrodes, the spe-
cies will travel towards each other through diffusion-mediated mass transport,
setting up a system similar to the theoretical treatment as shown in Figure 29.
Chemical Kinetics. Although the process of annihilation is qualitatively de-
scribed quite simply, sophisticated mathematical approaches, such as the use of
quantum-field theory and the Schrédinger equation, have been used to develop
full analytical (i.e. generalised, formula-based) solutions to even simple diffusion-
limited reactions'”. Some of this literature, however, is directly relevant here.
Ben-Naim and Redner' investigated the geometrical properties of the reaction
zone (the region where annihilation occurs), when particles are injected at a fixed
rate j from opposite edges of the system (Figure 28 and Figure 29). They de-
scribe that the width of the zone in which the annihilation reaction occurs varies
inversely with /. Interestingly, they further categorise the behaviour of the reac-
tion zone width according to whether the flux is large or small. In the limit of

large flux, they describe the reaction zone width w as
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with the concentration within the zone scaling as j % In the opposite case, with
the limit of very low flux, the concentration assumes a nearly constant value of
order ;' throughout the system, in which the maximum spatial variation is of

order j. The large flux case leads to a sharply localised reaction rate near the do-
main centre, while in the low flux case, the reaction rate is greatest (but overall
quite uniform) near the extremities of the domain (these relationships are de-
picted in Figure 28). Lee and Cardy'" verify and expand the analysis, confirming
that the reaction zone width scales as described in one or two dimensions.

The spatial distribution of the annihilation reaction is critical to the distribu-
tion of acid in solution, and is thus worth considering in more detail. For the
purposes of confining the acid to a strictly defined boundary, the annihilation
reaction should consume all acid beyond the boundary, but none of it within
(Figure 31A). Of course, such a system would defy the principles of statistical
thermodynamics, but the surprisingly sharp and stable boundaries discovered ex-
perimentally in this work suggest nearly ideal behaviour with 40 pm electrodes.
Cornell and Droz'*' provide a useful theoretical treatment applicable to this dis-
cussion. In summary, their findings reiterate the inverse relationship between
flux density and annihilation reaction zone width but describe the transition from

low-flux to high-flux as a continuous variation as follows:

w:ai+k,
J
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where w is the width of the annihilation zone, j is the flux magnitude, and

a and k are constants related to the number of dimensions in the system. Thus,
there is a continuous variation in reaction zone width with flux. This is impor-
tant, as it means the annihilation reaction will become less effective in confining
acid as flux decreases (Figure 31). Ultimately, with very small flux, the acid is
distributed almost homogenously in solution (Figure 32). Thus, when the sys-
tem approaches the low-flux limit, localised surface patterning is impossible.

The obvious experimental variation which will act to reduce flux is reducing
the current; this could be caused by decreasing the size of the electrodes with
fixed potential. This concept reveals an important implication: if the flux of
products into the space between anode and cathode decreases significantly with
smaller electrodes, the patterned features become less defined and ultimately in-
distinguishable. Of course, it seems logical that physics dictates a minimum fea-
ture size for this technique. Ttheoretical analysis reveals a counterintuitive gener-

alisation: only by generating large quantities of acid can one keep it confined.

6.4 Limits of Theory

Although the theoretical analysis of annihilation and its variation with flux is use-
ful for a conceptual definition of the electrochemical system used in this work,

the exact definition of high flux and low flux under typical experimental condi-
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tions is unclear. For example, how do current measurements at the electrode
(surface plane) relate to flux across the (orthogonal, vertical) plane in the reaction
zone? What magnitude of electrical current induces the annihilation reaction to
exhibit typical high-flux behaviour? At what current does the transition to a
more low-flux appearance occur? How would the use of much smaller micro-
electrodes (sub-micron, for example) alter the distribution and transport of spe-
cies in solution? Does the physical boundary imposed by the substrate alter an-
nihilation geometry?

Given the dependent relationships between current, the electrolyte, diffusion,
and all the other variables important to the electrochemical system used experi-
mentally, an analytical approach to answering these questions was not feasible. A
computer simulation incorporating the experimental variables, theoretical rela-
tionships, chemical kinetics, and chemical dynamics, however, provided a useful
approach. The architecture of the simulation relied on breaking each of the
physical processes into separate subroutines; a unified result was obtained by tal-
lying the actual chemical concentrations of all reactants over time. Devised
through an iterative development process of progressively increasing complexity,
the computer simulation proved helpful not only modelling the chemical proc-
esses, but in aiding the process of discovery. With it, one question was most
compelling: “What are the theoretical limits to feature densities using this electro-

chemical patterning method?”
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6.5 A Computer Simulation

In collaboration with colleagues in our group', a computer model was developed
to help describe and interpret the experimental patterning results presented in
this thesis. The software used known kinetic rate constants and diffusion coeffi-

cients in modelling the following:

e redox reactions at the electrode

e diffusion of redox products in electrolyte solution
e annihilation reactions

e clectrical current at the microelectrodes

e deblocking reaction at the substrate

The computer program displayed the distribution of acid and radical anion
concentrations graphically, using a colour scheme where blue represented radical
anion and red represented acid. The extent of the substrate patterning reaction
was also presented as a colour image resembling the format of the fluorescent
images generated from confocal microscope scans of patterned substrates. Like-
wise, the electrical current measurements taken during physical experiments were
comparable to the model’s theoretical predictions. Thus, the very large number
of confocal images and current profiles permitted comparison of experimental

data with theory and mathematical description.

f Based on the physical chemistry principles and experimental data developed in this thesis, .
Elder of our research group wrote the Unix-based computer code used for the simulation, includ-
ing an accompanying graphical user interface.
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In summary, the model used the diffusion and reaction-rate laws to simulate
the distribution of acid and other species in solution and its effect on the sub-

strate. A brief description of the computer simulation® follows.

6.5.1 Setup

Simulations take place on a grid of variable dimensions up to 800 nodes wide and
120 nodes high, where the width is determined by the positions of left and right
boundaries and the height is determined by the position of the substrate. In the
simulations shown here, space is assumed to be continuous across the right and
left boundaries, which are fixed at the midpoints of two cathodes neighbouring a
single anode. This setup models the case of an infinite replication of alternating
anodes and cathodes. Each grid node represents a square of side 1000, 500, 250
100, 50, 25, 10, 5, or 1 nm, as specified by the user. A simulation consists of a
series of steps, each of which corresponds to a fixed time interval governed by
the diffusion coefficient and the grid size.

There are four species of particle: red, blue, red-grey and blue grey. These
colours correspond to the proton, benzoquinone radical anion, hydroquinone,

and benzoquinone species as discussed in Chapter 2 as follows:

g This section was prepared in close collaboration with J. Elder.
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Red Blue Red-Grey | Blue-Grey
o v OH o]
H*
o] OH o]

The model works with the concentrations of these species rather than with parti-
cles themselves (i.e. this is not a Monte-Carlo approach). Each grid node records
the concentrations of the four species at that position.

At the start of a simulation the grid is populated uniformly with red-grey and
blue-grey species only, each typically at a concentration of 25 mmol/l (the ex-

perimentally used concentration).

6.5.2 Simulation

Each step of a simulation consists of diffusion, activation, annihilation and sub-
strate activity.

6.5.2.1 Diffusion

Each of the four species travels by diffusion over the grid area independently of

the others according to the diffusion equation

ou o'u ou
— =D\ —+—
ot ox~ oy
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where u is the species concentration and D is the diffusion coefficient. Al-
though the system being modelled is three-dimensional, it is assumed to extend

uniformly and infinitely in the z-axis so

o’u
—=0
Oz
and the above form of the diffusion equation and a two-dimensional grid can be
used while continuing to treat concentrations as three-dimensional quantities.
The diffusion equation is solved by the method of finite differences, using

forward Euler differencing. The stability criterion for this method applied to the

above diffusion equation is

where Ax=Ay is the grid spacing. For a typical diffusion coefficient” of

3x107cm?/s this gives a time step of Af<83us for Ax=1000 nm and
At <83 ps for Ax=1nm.

Diffusion is subject to the following boundary conditions. The x-axis and the
substrate boundary are treated as non-permeative boundaries by setting

Ou/0y =0 along their lengths. The left and right boundaries are treated similarly

by setting Ou/0x =0, thus allowing a setup with an infinite series of equispaced

b Diffusion coefficients were obtained from standard tables. A value of 3000 um?s-! was used
for both benzoquinone and hydroquinone.
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alternating red and blue electrodes to be modelled by single red and blue elec-
trodes.
Each of the four species diffuses according to the diffusion equation by ap-

plying one step of the forward differencing method.

6.5.2.2 Activation

Red-grey species at each grid node adjacent to a red electrode are converted to

red according to a pseudo first-order rate law'*.

Current is calculated from the
total amount of matter converted at red electrodes', and for an electrode of di-
mensions 40 x 7500 pum, rate constant of 700/ms and time step of 1/12 ms is
approximately 0.5 nA'.

Blue-grey species adjacent to blue electrodes are converted to blue in the
same way, subject to the constraint that the total numbers of red-greys and blue-

greys converted at each step are equal. The activation reactions are

rg —>bg+2r
2bg — 2b.

I The total rate of oxidation at the anodes and reduction at the cathodes was assumed to be equal
(as the current sum must be zero across all electrodes) and governed by a pseudo first-order rate
law; current at each electrode was calculated from Faraday’s law as charge per unit time.

i The rate constant was determined empirically by matching simulation (calculated) current with
experimentally measured values under identical conditions.
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6.5.2.3 Annihilation

Red and blue species partially annihilate each other at each grid node according

to the second order integrated rate law for bimolecular reactions'*

logB"ézé'kt,
A B

[

where § = A, — B, and k is the rate constant (typically 10 1/mol/ns)*. For initial

concentrations 4, and B, , concentrations 4 and B after time ¢ are

3 o exp(okt)
~exp(Skt)—(B,/ 4,)
B=A4-96.

Red and blue species which are annihilated become red-grey and blue-grey spe-
cies respectively according to the reaction

2r+2b—>2rg.

6.5.2.4 Substrate

Grid nodes on the substrate surface are initially populated with an inactive spe-

cies (trityl) of specified monolayer concentration (typically 1000 nmol/m* )" and

k The annihilation rate constant was estimated from electrochemiluminescent kinetic studies for
a similar annihilation reaction system!38, and is of sufficient magnitude to indicate the reaction is
diffusion-limited (the rate the reactants encounter each other in solution, not thermodynamic
considerations, determine the overall reaction rate). The solvent and ionic strength of the electro-
lyte could alter the free energy of interaction between oppositely-charged reactants, thus affecting
this rate constant. For the similar electrochemiluminescent system annihilation reaction, both
lowering solvent polarity and decreasing ionic strength act to increase annihilation kinetics!.
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fixed location. Red species in grid nodes adjacent to the substrate interact with
the inactive species according to the second order reaction

r +trityl —> r +tritylactive.

The rate constant for this reaction is typically 10 1/mol/ns ™.

6.5.3 Experimental Verification

Comparison of computer simulations with the theoretical description of annihila-
tion demonstrated good similarity between the two (Figure 33). The model use-
fully recreated the acid concentration and annihilation reaction rate profiles as
predicted by theory. The agreement between simulation and theory thus pro-
vided evidence that the model accurately predicted experimental results.
Comparison of simulation results with experimental data further supported
the accuracy of the model. Figure 34 shows a computer simulation of the pat-
tern produced on the substrate with the typical 40 um experimental configura-
tion. There was good agreement between the experimental data recorded from
an actual electrochemical oligonucleotide synthesis for multiple time points.

Both the model and measured fluorescent images show incomplete acid deblock-

' This monolayer loading density value was obtain from physical measurements by colleagues in
our group’.

m  The detritylation rate constant was estimated based on studies using controlled-pore-glass. As
the substrate in these experiments is planar, however, there is likely some error in this estimate.
Although a recent paper'#” suggests more sophisticated kinetic modelling may be warranted for
surface reactions, the long polyethylene glycol linker to which sutface oligonucleotides were teth-
ered justified this approach.

133



CHAPTER 6: DISCUSSION II — DIFFUSION, ANNIHILATION, AND RESOLUTION:
THEORETICAL CONSIDERATIONS AND DIGITAL SIMULATION

ing up to about 5 seconds, with no pattern definition loss beyond this time point.
Furthermore, the model provides added utility not available experimentally: al-
though the completion of the deblocking reaction takes approximately 5 seconds,
the concentration profiles (not observable experimentally, of course) stabilise be-
fore 3 seconds.

The model also demonstrates accurate prediction of pattern variation with
changes in the microelectrode-substrate gap distance. Figure 35 shows experi-
mental data when varying the gap distance from 2 to 80 um. Both simulation
(not shown) and experiment show the relatively minor importance of gap dis-
tance on the resulting pattern. Examination of the acid concentration profiles
with varying gap distances shows the likely reason for this independence: annihi-
lation consumes acid mid-way between anode and cathode at any height from the
electrode.

In summary, the computer simulation captures the subtleties of the annihila-
tion reaction. Compared to both theory and experimental data, it accurately re-
produces expected effects at the 40 um experimental scale. The concentration
and annihilation reaction profiles resemble the theoretical description in the
large-flux limit at this scale, presumably because the amount of acid generated
with 40 pm electrodes is sufficient to maintain a sharply defined annihilation re-

action zone. With the accuracy of the model established for the large set of ex-
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perimental data, we now turn to exploring annihilation at the smaller scale not

amenable (at least in this work) to experimental investigation.

6.6 Fundamental Physical Limits

Simulated proton concentrations in the zone between the anode and cathode
with decreasing microelectrode and gap distances demonstrated decreases in edge
definition for electrodes less than about 4 um wide using the same electrochemi-
cal parameters as used experimentally. Below 1-2 pum, the annihilation effect
ceased to confine the protons, resulting in an indistinct surface pattern (Figure
36).

As predicted by theory, increasing the rate of proton generation at small
scales increases patterned feature definition. By increasing the current density
tenfold from 1.7 to 17 pA/um” at 1 um electrodes (Figure 38), it is possible to
increase the rate of annihilation and confine the acid sufficiently enough to main-
tain sharp sub-micron features. Although simulations predict a minimum feature
size near 2 um using the typical electrolyte, increasing the flux of reactants would
increase the annihilation rate and therefore resolution (Figure 38 shows 1 pum
features). Increasing reactant flux could be accomplished by (1) increasing the
concentration of hydroquinone and benzoquinone, (2) switching to an electrolyte

which more readily liberates acid, (3) adding substituent groups to the base hy-
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droquinone moiety to decrease its pKa, or (4) applying higher currents or volt-
ages”. As we have discovered that the rate of product generation at the elec-
trodes ultimately controls annihilation, these methods may prove useful in further
decreasing feature sizes. Sub-micron features seem reasonable given these find-
ings.

In summary, the computer model of the annihilation reaction, verified by ex-
perimental data at a larger scale, predicted a theoretical feature size limit of less
than 4 um using the same chemical system as in the larger-scale experimental in-
vestigations. Optimisation of the electrochemical system with the intention of
facilitating annihilation would likely aid in pushing the patterning technique to its
fundamental physical limits. In the interim, more mundane engineering con-
cerns, such as the ability to make small electrodes and deliver synthesis fluids to
small-scale devices, will likely present the most immediate barriers to realising the

full potential of this electrochemical patterning technique.

n Another more complex determinant of flux not directly calculated by the model may be the
substrate-electrode gap at any fixed microelectrode dimensions. As the gap decreases, ohmic
resistance of the electrolyte increases, since the volume of the electrolyte available to pass current
is reduced. This will tend to dectrease the maximum rate of acid production. This effect may be
counterbalanced, however, by the decreases in ohmic resistance with smaller microelectrodes.
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6.7 Conclusions

Both theory and computer simulation have proven useful in describing and mod-
elling the annihilation reaction which affords the high resolution capabilities of
this electrochemical patterning technique. Results from computer simulations,
verified by experimental data at larger scales, indicate a theoretical physical fea-
ture definition limit near 2 um with the present experimental setup. Below 2 um
features, the annihilation reaction ceases to confine diffusion of acid throughout
the solution. The model provides useful verification of the flux description of
the system, and predicts sub-micron features may be possible through alterations
in the experimental conditions such as increasing applied current or altering the
electrolyte composition. The patterning process presented in this work repre-
sents an important new application of physics theory to the practical goals of

DNA microarray fabrication.
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6.8 Figures
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_ -~ reaching substrate
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Electrode

Figure 25 A typical single-electrode used for surface patterning. This configu-
ration, used in SECM feedback mode surface etching, has the (platinum) counter
electrode placed distant to the active patterning electrode. Reagents produced at
the point electrode freely diffuse in solution as they travel to the substrate; the
diffusion acts to broaden the distribution of ions reaching the substrate, decreas-
ing patterned feature resolution.
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Figure 26 A single-electrode configuration analogous to Figure 25, applied to
the adjacent microelectrode-substrate setup used in this work. In this configura-
tion, the width of the pattern produced on the substrate grows with time. For
example, experimental data show that a single microelectrode 1.7 pm in width
will produce a macroscopic 400 um pattern if current is applied for 80 seconds.
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Cathode Anode

;' N Y = Annihilation

Cathode Anode Cathode

Figure 27 Placement of the counter electrode (cathode) adjacent to the working
electrode (anode). In this configuration, redox products from adjacent electrodes
mix in the electrolyte. If the products produced at the anode are reactive with
the products produced at the cathode, they will react in the electrolyte. In the
electrochemical system used in this work, the two products act to annihilate one
another (shown as stars). Panel A shows the annihilation effects induced by a
single adjacent cathode. Panel B shows the utility of two confining cathodes sur-
rounding a single anode: the distribution of products in this arrangement is
sharply narrowed.
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Figure 28 Analytical solutions describing the rate of annihilation from opposing
fluxes of reactive species a and b (adapted from Ben-Naim and Redner'™). The
rate of annihilation reaction varies in space depending on the magnitude of flux J.
In the limit of small flux of a and b, the rate of annihilation is essentially uniform
throughout the zone, with maximum rate at the edges. In the limit of high flux,
the annihilation reaction occurs maximally in the middle, with very little annihila-
tion at the edges. The high-flux limit may best describe patterning processes us-
ing large microelectrodes and substrate-microelectrode gaps, whereas the low-
flux limit is more typical of much smaller microelectrodes, where the rate of re-
dox reaction becomes vanishingly small.
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A
X
v

Figure 29 A stable geometric arrangement of concentrations established upon
directing a flux of two annihilating species a and b towards one another (adapted
from Ben-Naim and Redner'”). Species b is injected at a constant rate from the
right border of the graph, species a from the left. The particles react over the
length of path x to annihilate one another completely, so that their concentra-
tions ( [a] and [b] ) decrease symmetrically across path x. The total reactant con-
centration ( [a]+[b] ) reaches a minimum at the midpoint.
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Figure 30 A simplified two-electrode circuit. As the two electrodes are part of
the same current path, the current into the anode is equal to the current out of
the cathode. Consequently (ignoring other chemical redox reactions), the rates of
proton and benzoquinone radical anion generation are equal. This symmetry
(implicit in the experimental system) mirrors the mathematical description of two
opposing fluxes of mutually annihilating species shown in Figure 29.
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Wy—| |—
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Figure 31 Variation in the annihilation reaction rate, R(x), and concentrations
of reactants consumed by the reaction. Species a and b are injected from the left
and right borders of the graph, with high flux in panel A, intermediate flux in B,
and low flux in panel C (classifications are arbitrary). In the context of confining
the acid for patterning purposes, the width of the annihilation reaction zone w is
ideally very narrow (panel A); the acid concentration a, is uniform at the left bot-
der (over the anode), but negligible at the right (over the cathode). In actual con-
ditions (panel B), the annihilation reaction depletes the acid in a gradual transi-
tion over a finite width W,. With decreasing flux, w becomes larger, with corre-
sponding broadening of W,. Broadening of W, acts to limit the sharpness of fea-
tures produced by the electrochemical method.

144



CHAPTER 6: DISCUSSION II — DIFFUSION, ANNIHILATION, AND RESOLUTION:
THEORETICAL CONSIDERATIONS AND DIGITAL SIMULATION

Wy—| |—

R(X)

|
bD
T

X

Figure 32 Variation in the annihilation reaction rate, R(x), and concentrations
of reactants in the low-flux limit. With very small fluxes of species a and b, the
annihilation reaction becomes distributed throughout the entire reaction space
(panel B), rather than being narrowly limited to a defined width w as in the high-
flux limit (panel A). As a result, the space over which the reactants are depleted
W, encompasses the entire region, and there is ineffective confinement of the
acid. Substrate patterning under the low-flux conditions as in panel B would gain
no benefit in resolution from the annihilation reaction.
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Figure 33 A computer simulation of the annihilation process. This figure
shows a time-course simulation (in cross-section) of an electrochemical pattern-
ing run, with a physical setup identical to experimental conditions. Panel A
shows the geometric arrangement of anode and cathodes (40 pum in width).
Panel B depicts the concentrations of each reactant in space as an intensity-
weighted image (the border in the middle of the cathodes is a result of simulation
methodology); panel C shows a plot of these concentrations (arbitrary scale) at
the substrate surface. Panel D shows the resulting pattern, as would be generated
after using the acid for oligonucleotide synthesis; panel E shows a quantitative
plot of its fluorescent intensity). The distribution of species in solution and the
rate of annihilation closely resemble that of the high-flux theoretical treatment as
shown in Figure 31. The species concentrations grow initially as the current is
applied, and stabilise after about a second.
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Figure 34 A computer simulation of the patterning kinetics, compared to ex-
perimental data for the same conditions. The reasonable congruence between

the model and corresponding experimental observations shown here demon-
strated the model’s predictive capacity.

147



CHAPTER 6: DISCUSSION II — DIFFUSION, ANNIHILATION, AND RESOLUTION:
THEORETICAL CONSIDERATIONS AND DIGITAL SIMULATION

1.0s 20s 40s 8.0s

5

|—|100 um

Figure 35 Demonstration of the effects of different current durations and sub-
strate-microelectrode gaps on substrate pattern. It became clear from many rep-
lications of these and similar experiments that substrate-microelectrode gap dis-
tance within the range from about 20-80 um did not significantly affect the pat-
tern, whereas duration of current application time was very important (potential
fixed at 1.33 VDC in these experiments). The accuracy of a computer simulation
used to model such experiments was tested against similar data. The dark areas
in this image represent regions where acid was used to perform a single phos-
phoramidite deblocking reaction.
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Figure 36 Computer simulation of annihilation with decreasing microelectrode
dimensions. In these simulations, current density scaled with electrode dimen-
sions. Comparing these digital simulations to the theoretical equivalents as de-
scribed by Ben-Naim and Redner (shown in Figure 31 and Figure 32 ) reveals
striking similarities. Most importantly, the peak of the annihilation (indicated by
arrowheads) shifts from the midpoint between electrodes at the large-scale to the
midpoint above electrodes in the small scale (the y-axis scales are arbitrary). This
congruence suggests the computer model reflects the theoretical descriptions of
Ben-Naim and Redner. Image was recorded at 10 s, 2 s, and 28 ms respectively

for the 40 um, 4 um, and 400 nm sized electrodes; electrical currents were
500 nA, 50 nA, and 5 nA.
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Figure 37 Effects of current at the microelectrodes on the spread of acid in so-
lution. This series of simulations shows distribution of acid (and rate of annihila-
tion) at three different currents (labeled as current densities). Higher currents are
associated with narrower widths over which acid spreads in solution. This effect
is predicted by theory (detailed in the text and depicted in Figure 31). The mi-
croelectrodes used in this simulation were 2 um in width. The current densities
shown here compare to the 0.3 to 3.0 pA/um® values physically measured under
experimental conditions at 40 um electrodes.
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Figure 38 Computer simulation of small-scale electrochemical patterning at two
rates of proton generation. Panel A shows the distribution of acid generated by a
1 um electrode at the same current density as used in physical experiments. Panel
B shows the same simulation, with the electrical current increased 10 times over
that in panel A. The higher current increases the rate of proton generation, thus
facilitating the annihilation and increased feature resolution as previously de-
scribed. Current is easily increased in physical experiments by changing the com-
position of the electrolyte or simply increasing applied voltage. These results
suggest that sub-micron feature sizes may be possible with the methods de-
scribed in this thesis.
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Appendix A

Microarrays in Biology

and Medicine:

A Review of Current Progress and
Future Prospects

This section provides an overview of the application of DINA microarrays to biological and
medical research. These areas of scientific investigation, although not the explicit focus of this
thesis, provide examples of the powerful analyses made available through microarray fabrication
research. "This section will be submitted as a review article to the journal Pharmacogenomics

in September 2003.

A.1 Abstract

The analysis of cellular phenomena on a genomic scale requires detection and
measurement of thousands or millions of interacting biological variables. Effi-
cient techniques and devices used for performing analyses of this magnitude of-
ten rely upon highly-parallel operations. Within this category of methods, DNA

microarrays have proven enormously useful. However, the fabrication of mi-
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croarrays is technically challenging and not perfected, so genomic and genetic
studies applications may be limited and results difficult to interpret. In the past
three years, there has been an explosion in reports which have employed micro-
arrays in large-scale biological and medical investigations. The range of topics is
immense, and the volume of literature reflects the flood of biological discoveries
that often follow revolutionary technology development, in this case of microar-
rays, a fundamental shift from small-scale or serial examination of nucleic acids
to large-scale parallel processing. This review summarises the most important of
these discoveries, and discusses future prospects for biological investigations em-

ploying microarrays.

A.2 Applications

Since their first introduction a decade ago, microarrays have been rapidly incor-
porated into biomedical research. In microarray research, technological devel-
opment, often viewed an enterprise removed from biological discovery, has
largely incubated it. Array fabrication techniques, with slow and strenuous devel-
opment over the years, have broadened experimental possibilities with each im-
provement in design. Microarrays are now are finding uses in almost every area
of the medical sciences from characterizing infectious disease and cancer to elu-

cidating unknown pathways, assisting in drug development, and refining notions
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of toxicity. The technology is now being used routinely in place of older, often
lower throughput or less sensitive techniques such as Northern blotting, com-
parative genomic hybridisation, and sometimes even gel-based sequencing itself.
Indeed the technology promises to produce results faster, on a grander scale, and

in more detail than ever before.

A.3 Cancer

One of the earliest and most promising applications of microarrays has been to
the study of cancer. Both the expression profiling and resequencing capabilities
of microarrays are used in this field.

Expression profiling is capable of typing tumours, allowing the discrimination

of both known tumour types and those forms that cannot be differentiated on

143-145

the basis of the standard techniques Such profiling can help to determine

the susceptibility of the tumour to treatment, its metastatic potential, and the sur-

144,146-149

vival profile of the patient It is also capable of separating normal tissue

from cancerous and determining the tissue of origin for a given cancer'**" %!,

Recently microarrays have been used to study the differences between BRCA1
mutant, BRCA2 mutant, and spontaneous breast cancer, early and late stage T

Cell lymphoma, and prostate cancer and benign prostatic hyperplasia'™*'**.
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Using array-based genotyping it has been possible to detect changes in copy
number and loss of heterozygosity, both of which can be used to measure the
progression of a cancer, as well as helping to characterise it. A number of tech-
niques have been proposed to measure copy number, most of which use either
array-CGH (comparative genomic hybridisation) or some variant of the tech-

: 155-157
nique 7

Recently these methods have been used to examine amplification of
the 17923 region, an area that has increased copy number in a variety of cancers,
in breast cancer and to determine which genes are amplified in glioblastoma mul-

. 158,159
tiforme"*'?,

Additionally, a protocol that allows array-CGH to be applied to
standard paraffin embedded sections has been developed, demonstrating that this
technique can be adapted for clinical use'”. TLoss of heterozygosity (LOH) can
be detected by determining the status of a large collection of single nucleotide

161

polymorphisms (SNPs) This procedure is made practical by the fact that a
sufficiently large microarray can interrogate a collection of SNPs that is quite
dense in the genome, making it possible to detect LOH, not only in a specific
gene of interest, but throughout the genome. Together, these techniques offer
the potential to detect a wide variety of chromosomal disorders simultaneously
using a generic method. Such a procedure will allow the detection of unexpected

chromosomal alterations and may lead to the discovery of previously unknown

alterations that play a role in the disease process.
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It is also possible to detect mutations directly in a number of oncogenes and
tumour suppressors. The effectiveness of Affymetrix’s p53 chip has been vali-
dated in two studies. In both it was found to detect more mutations than direct
sequencing (although error levels were higher) and was better at detecting single
base-pair substitutions, but was not effective in detecting insertions or deletions

larger than a base-pair'*>'®,

Recently, a new technique that is capable of recog-
nizing such insertions and deletions, which were generally difficult to detect with
previous array based genotyping techniques, has been applied to identify a num-
ber of mutations found in various cancers'®. Using PCR/LDR (ligase detection
reaction) and a universal (zip code) array, it has been possible to detect K-Ras
and BRCA1/2 mutations accurately, appatrently more sensitively than standard
direct sequencing, including accurately identifying larger insertions and deletions
10419 However, this method is limited in that it is designed to detect known mu-
tations, not discover new ones. Other enzymatic techniques such as mini-
sequencing promise improved accuracy combined with high sensitivity, but thus
far such techniques have not been as successful as was hoped.

The clinical applications of these techniques are readily apparent. Instead of
relying on standard histochemical methods alone, pathologists could use microar-
rays, allowing them to not only confirm initial conclusions, but also to further

refine them. This may permit determination of tumour characteristics elusive

through traditional pathological examination. This ability to further classify the
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tumour could have important implications for treatment, since tumours which
appear the same may have vastly different survival profiles and susceptibilities to

144,145
treatment > .

Knowing the tumour’s expression profile and genotype will aid
individualised medical care tailored to achieve the most effective treatment while

minimizing unnecessary toxicity.

A.4 Functional Analysis

The ability to elucidate the function of unknown genes, and to discover which
open reading frames (ORFs) actually represent coding sequences, is one of the
most powerful applications of microarrays. This is based on the idea that genes
of similar function or involved in the same pathway are co-regulated and thus
should group together when cluster analysis is applied to a collection of expres-
sion profiles. This notion, often referred to as “guilt by association,” has yielded
impressive results in a number of studies, mostly recently Hughes, et al.’s correct
prediction of the function of eight previously uncharacterised ORFs in Sac-

f i a2 167-170
charomyces Cerevisiae

. The successes thus far give hope that this approach
may play an important role in the identification of genes of unknown function

that will be necessary to complete the annotation of the genome.
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A.5 Drug Development

Microarrays also have the capacity to accelerate the processes of target identifica-
tion and validation and mechanism determination. This capability has been
demonstrated in a number of studies in which microarrays have correctly identi-
tied the targets of cyclosporine and FK 506 (FK 506 binding proteins and cyclo-
philins) and their downstream target (Calcineurin), suggested the target for the
anaesthetic dyclonine, revealed possible markers for the susceptibility of tumours
to chemotherapeutic agents, and shown that expression levels can be used to

s i 146,167,171,172
measure drug activity 7

The technology can also be used to detect sec-
ondary pathways activated by the compound that may act synergistically or con-
tribute to toxicity'”'. Additionally, expression profiling of current pharmaceuti-
cals may suggest new targets. For example, since isoniazid is effective against
mycobacterium tuberculosis, drugs targeted at other genes whose expression lev-
els are altered by isoniazid may yield effective anti-TB therapies as many of these
genes are likely to be involved in the same pathway on which isoniazid acts'”. If
these techniques prove successful in pharmaceutical research, they could result in

a marked increase in the number of drugs being brought to market each year as

well as a decrease in the time and expense required to develop each drug.
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A.6 Toxicology

Microarrays also hold the potential to accelerate toxicity screening greatly in both
drug development and environmental testing. A number of arrays specifically for
this purpose have been developed in both the public and private sectors. They
include ToxChip, developed by NIEHS, ToxBlot, from Syngenta and Astra-
Zeneca, and the Merck Drug Safety Chip, which was developed in conjunction
with Affymetrix'™*""°. The hope is that this field will ultimately be able to predict
which substances are toxic and which are not, as well as their mechanisms of tox-
icity, based on their expression profiles alone. The hypothesis behind this is that
toxins that act through similar mechanisms or act on the same pathway should
induce comparable expression profiles in the affected cell, and that with a large
enough database of expression profiles, it should eventually be possible to link a
given profile to a specific toxic effect. A number of studies measuring gene ex-
pression following both in vivo and in vitro treatment with toxins have been per-

formed to explore this possibility'*"”

. So far the results are hopeful and suggest
that toxins can be grouped by mechanism based on their expression profiles, but
up until this point all the studies have used either a small collection of samples or
a limited collection of probes. There has not yet been a study which demon-
strates successful unsupervised clustering of several hundred toxins by mecha-
nism, though Waring, et al.’s promising results with a collection of 15 agents sug-

9

gests that this is just a matter of time'”. If larger scale studies confirm that this
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technique is viable, it will have important implications for drug development
since toxicity screening is currently expensive and time consuming'’*. Accelerat-
ing this stage would remove a key bottleneck in the drug development process.
Additionally, some toxic effects are not revealed until late in the drug develop-
ment process, or even after the product has reached the market, which can lead
to the cancellation of a project or recall of a drug on which significant time, re-
sources, and effort have already been expended. These techniques could also be
used to screen environmental and industrial compounds en masse for toxic (in-
cluding carcinogenic) properties, since it could be done cheaply, without the re-

quirement of expensive, long-term animal studies.

A.7 Infectious Disease

Using microarrays, it is now possible to study expression in both the microbe and
the host during infection. A variety of infectious agents including human immu-
nodeficiency virus (HIV), herpesviruses (cytomegalovirus (CMV), human herpes
virus 8 (HHV-8), and herpes simplex virus (HSV)), Listeria monocytogenes,
Helicobacter pylori, Salmonella (dublin and typhimurium), Hepatitis B and C, and

180-191 :
. These studies have ex-

Malaria have been studied with these techniques
plored the sequence of host and microbial gene expression during infection, ex-

amined the function of virulence factors, and suggested the function of uncharac-
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terised genes in both the host and pathogen. They have helped to clarify such
questions as how some microbes, such as herpesviruses, evade the host immune
response, how interferon alters macrophage behaviour, how the pathogenesis of
hepatitis B and C differ, and what role lipopolysaccharide (LPS, endotoxin) plays
in the host response to organisms that display it. Beyond the obvious applica-
tions of this knowledge in improving therapy and developing superior pharma-
ceuticals, this research has more subtle ramifications. For example, understand-
ing the factors which allow certain microorganisms to elude the host immune
system may play a crucial role in the development of effective gene therapy vec-
tors, especially since altered HSV is often used in this capacity'**.

Microarray sequencing techniques have also found applications in this field.
Arrays have already been used to identify mycobacteria, not only by determining
their species, but also by testing for the presence of drug resistance genes'”>'”.
They have also been used to study genetic variation within the species Mycobac-
terium Tuberculosis and among the many BCG vaccine strains (and M. bovis).
These studies have suggested that genomic deletions tend to decrease the viru-
lence of mycobacteria and that one of the reasons that the BCG vaccines may

194195 1.

have declined in effectiveness is due an accumulation of such deletions
addition to mycobacteria, microarrays have also been used to type and to identify

virulence and resistance factors in other microbes, including influenza, Helico-

bacter Pylori, and HIV and have been used to rapidly identify the source of bac-
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186.196-19S g . 1 1
$1%61% " Utilizing array-based sequencing will

teraemia in unknown blood samples
allow physicians to rapidly determine the identity of infectious organisms, even
detecting subtle intraspecies variations, such as those contributing to drug resis-
tance and virulence. This should allow them to select effective therapies instead
of having to guess to which drugs the disease will be susceptible. These tools
should also find use in epidemiology where they can aid in tracking the migration
and evolution of specific viral strains and in monitoring outbreaks'”. Finally,
these methods should give a better understanding of how to select effective vac-
cine strains, which successfully confer immunity while minimizing virulence, and
may provide new tests that can differentiate between vaccination and infection
(something that cannot be done with the current purified protein derivative of
tuberculin (PPD) challenge used for turberculosis testing)'™*.

Infectious disease research also demonstrates how the genotyping and ex-
pression profiling capabilities of microarrays can be fruitfully combined.  Mi-
croarrays can be used first to explore expression differences in host cells infected
by two viral strains, and then to examine their genetic differences in order to as-
sign a role to uncharacterised genes and determine virulence factors'®. In a varia-
tion of this technique the expression profiles induced by a collection of strains of

known genotypes can be compared in order to determine the roles of the differ-

ing genes in infection. These approaches work best when the two strains are very
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similar, such as when one strain is derived from another by the deletion or altera-

tion of a single gene'®.

A.8 Further Topics

Microarrays are now being used to study a variety of other topics. The effects of
ageing on gene expression have been examined in a number of studies, both on

human fibroblasts and in calorie reduced (CR) mice™" ™",

Changes in expression
in sleep, waking, and after sleep deprivation have been examined™**”. Even al-
terations in gene expression in alcoholism have been observed™. These areas
provide just a taste of the myriad fields to which microarrays will be applied in
the coming years. As array density increases and more and more of the genome
becomes represented on chip, the technology will become ever more powerful

and inexpensive, and may one day emerge as a technique as useful and ubiquitous

as sequencing itself.
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Appendix B

Simulation of Electrochemically
Activated Confined Chemical Pat-

terning of Surfaces Using an Array
of Microband Electrodes

The following abstract was prepared upon conclusion of the work described in
this thesis, in collaboration with Stephen W. Feldberg at the Computing Labora-
tory, University of Oxford and John Elder, Department of Biochemistry. It has
been accepted for publication and presentation at the 204th Meeting of The Elec-
trochemical Society, October 12-October 16, 2003. Stephen W. Feldberg and

Ryan D. Egeland will be presenters.
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Introduction

Egeland et a' have demonstrated that an array of
individually addressable band electrodes can be used to
sharply definethe patterning of the deposition of sequenced
DNA moietieson asubstrate platethat is separated fromthe
array by afew microns. The approach is a variation of the
“chemical lens’ concept described by Bogworth and
coworkers*® Dimethoxytrityl (DMT) is attached to the
substrate as a thymidine B-cyanoethyl phosphoramidite.
The trityl protection group is irreversibly removed in the
presence of acid. Once the deprotected areas have been
defined the substrate is exposed to a selected base group -
A, C, G or T- which attaches to the deprotected linkages.
The base groups each carry their own trityl group. Thusthe
process can be repeated to construct a variety of desired
oligonucleotides which can then be used for sequence
recognition. To produce and localize the pH change
required for deprotection Egeland et a used an electrode
array comprising 40 um bands separated by 40 pm - the
bands are 0.075 cmlong. The substrate plate was separated
from the plane of the array by 40 um. The solvent was
acetonitrile with TBAPF, as supporting electrolyte. The
concentraion of protons produced by electrooxidation of
hydroquinone (QH,) at aspecified bandissharply localized
because of annihilation by the base produced by the
electroreduction of quinone (Q) at the adjacent bands. The
following electrochemistry may be operative:

Reactionl: QH,=QH +H*+e

Reaction2: Q+e=Q"
leading to the annihilation reaction:

Reaction3: Q  +H"=QH" (K, k)
wherethe value of k; , hopefully closeto 10" cm® mole*s?,
is critical in defining the sharpness of the annihilation
reaction layer. The ultimate question of interest is how
small a pattern can be created while retaining adequate
definition. The previous work suggests that patterning on
the order of microns should be possible with a band array
with the dimensions on the order of a few microns.
Computer simulation of the processwill help usidentify the
parameters that are critical in miniaturizing and optimizing
the process.

Simulation and Theory

To identify the fundamental parameters that control the
pattern formation we consider the simplified chemica
system:

Reaction4: A+e=B (E)

Reaction5: C+e=D (E°- E>05V)

Reaction6: A+D=B+C (K, k)
We consider an array of parallel bands and the following
three cases:

Casel: . ||l |KIA - - -
e lle s

Case Ik ... F[E[-IFIHEIIEI- - -

Case I ....[ [| [ [FIFIFI 1T AT T

where |+| connotes a band where species A is produced by
the electrooxidation of B (Reaction 4) and |-| connotes a
band where species D is produced by the el ectroreduction
of C (Reaction 5); species B and C areinitially present at
equal concentrations. The symbol &&! connotes potential
control across an electrode pair (Case |); the symbol L&y
connote potentiall control between a |+| electrode and its
adjacent pair of |-| electrodes (Cases |l and I11). In Caselll
semi-infinite diffusion occursto the right and left.

For each of these 3 cases we examine the distribution
of the species at the plane of the substrate as a function of
time for the specified distance between the plane of the
electrodes and the plane of the substrate and for the
specified distance between the between the electrodes.

Explicit finite difference simulations were executed
using a relatively coarse 2-dimensional grid since high
accuracy was not required. We assumed that Reaction 3is
infinitely fast in the forward direction. The width of the
reaction layer, |, can be adequately approximated from
reaction layer theory*:

D2 v3
U[W] @8]

where f (units: moles cm? s) isthe flux that entersinto he
reaction layer from each side, D (units: cn?/s) is the
diffusion coefficient of all species and k (units: cm® mole*
s?) isthe second-order rate constant for the annihilation. At
near steady-state conditions f~ i%F wherei° is the average
current density at the electrode producing species A.

Conclusions and Prognosis

Simulation of three generating protocols (Cases I-11,
above) indicate that decreasing the interband spacing will
improve resolution for cases I-I1l. It is critical that the
thickness, |, of the annihilation reaction layer (see Eq. 1)
remains smaller than the interband spacing - this could be a
challenge when the spacing approaches 1um. Maximizing
the concentration of species B and C (see Reactions 4-6)
will decrease p (Eg. 1). A more detailed study of the
electrochemistry of quinone and hydroquinone (in
acetonitrile) as well as of alternative protonic progenitors
will be an important facet of future work. The next goal is
to explore the behavior of a 3-dimensional array of square
pixels (each ~1 um?) — development of simulations of this
array is underway.
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APPENDIX C: TRITYLISATION OF PYRENE, PERYLENE AND CORONENE:
A NEW FAMILY OF SWITCHABLE FLUORESCENT LLABELS

Appendix C

Tritylisation of Pyrene, Perylene
and Coronene: A New Family of
Switchable Fluorescent Labels

The following paper was published in Tetrabedron Letters. The work described
uses the microelectrodes and electrochemical system developed in this thesis to
selectively and reversibly switch a new pH-sensitive family of fluorescent labels
between a fluorescent and non-fluorescent state. The electrochemical method
allowed real-time confocal microscope visualisation of the process on a treated

microscope slide.
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Abstract

The synthesis of novel fluorescent labels based on pyrene, perylene and coronene is described. Due to the
trityl-type structure, their fluorescence may be reversibly switched on and off by changing the pH. This
property can be used to expand the palette of fluorophores available for multicolour DNA detection on
DNA chips. Some FRET and surface chemistry applications are also demonstrated. © 2000 Elsevier
Science Ltd. All rights reserved.

Keywords: polycyclic aromatic compounds; Friedel-Crafts reactions; Grignard reactions; fluorescence; nucleic acids.

As part of a programme to optimise the manufacture and use of DNA chips we developed a
new family of fluorescent tags derived from polycyclic aromatic hydrocarbons (PAHs). Both single
fluorophore! and energy transfer®-based fluorescence detection methods find wide applications in
the analysis of nucleic acids. Some PAHs have certain advantages over the fluorophores currently
used to label DNA, such as fluorescein: they are less prone to photobleaching and have high
molar absorbance and high quantum yields. Furthermore, molecules are available with a range of
excitation and emission maxima and large Stokes shifts. We chose pyrene,® perylene* and coronene®
as PAHs with useful fluorescent properties. The introduction of a carbinol-carbocation switchable
element would allow one to controllably turn the fluorescence on and off by changing the pH. The
conversion of these PAHs into trityl-type structures also seems advantageous due to the non-planar
conformation of triarylmethanols, which would prevent the m—m stacking interactions with a
resulting increase in the solubility.

Friedel-Crafts acylation of PAHs with 2,4-dimethoxybenzoyl chloride in presence of AlCI;
in DCM for pyrene or chlorobenzene® for perylene and coronene gave 1-acylpyrene 2a, 3-acyl-
perylene 2b and acylcoronene 2¢ (Scheme 1). These ketones were converted into the corresponding

* Corresponding author. Tel: +44 1865 275226; e-mail: misha@bioch.ox.ac.uk

0040-4039/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
PII: S0040-4039(00)00737-1
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R,S-oxazolyltritanols 3a—¢ using appropriate phenylmagnesium bromide as a nucleophile in
Grignard synthesis. Further conversion’ yielded N-hydroxysuccinimide (NHS)-derivatives 4a (as
pale yellow), 4b (as dark red) and 4c as yellow solids.® NHS-esters 4a—c can be used for labelling
of biomolecules or for derivatisation of surfaces. The labelling procedure would involve reacting
4a—c¢ with an amino group(s)-containing analyte; we therefore synthesised’®* the corresponding
model butylamides 7-9 (Fig. 1) for fluorescence studies.

s Lo

At — MO OMe i o ‘ i v O o™ 1
OH .oH

1a-c A Ar O Ar O

MeO OMe

2a-c MeQ OMe

3a-c 4a-c

"SR
U0 L
(@) (b) ()

Scheme 1. Reagents and conditions: (i) 2,4-dimethoxybenzoylchloride/AICl; in DCM (a, 86%) or PhCI (b, 53%; c,
48%); (i) 3-(4,4-dimethyl-1,3-oxazoline-2-yl)phenylmagnesium bromide/THF, reflux; (a, 73%; b, 64%; c, 49%); (iii)
80% AcOH, (or TFA, 72 h, for c), at 70°C, 48 h, then reflux in 20% NaOH in EtOH/H,0, 3 h; a, 96%; b, 93%, c,
85%:; (iv) DCC, NHS, dioxane/THF (a, 91%; b, 87%:; c, 79%)

A modified trityl group bearing a pyrenyl residue in place of one of the phenyls has fluorescent
properties similar to non-modified pyrene.® Triarylmethyl cation derived from tritanol by an acidic
treatment (Scheme 2) would have completely different fluorescence properties, while remaining
covalently linked to a probe molecule if attached to it through a side-chain.” These features are
combined in compounds 4a—c. The pH-threshold for the formation of trityl carbocations (like 6)
from corresponding tritanols at low pH can be controlled by electron withdrawing or donating
groups on the aromatic rings.'® Two methoxy groups and one carboxyl group give 7-9 an acidic
stability similar to that of a standard DMTr and MMTr groups.!! The UV spectra of 7-9 were of
the same shape but slightly red-shifted (3-10 nm) as compared to the starting PAHs.?3

Multicolour detection (use of more than one fluorophore in one reaction) is a useful feature of
fluorescent dyes; it enables different sequences to be detected simultaneously and has been used
to good effect in DNA sequencing,' fluorescence in situ hybridisation (FISH)!?> and differential
gene expression analysis on DNA chips.!® The size of the palette is limited by the overlap of
the excitation and emission spectra; it has proved difficult to use more than four colours in FISH
and two colours are normal in expression analysis. An advantage of trityl-based fluorescent tags
is the potential to ‘switch’ the spectra on and off by simply changing the pH. The magnitude of the
shifts is very large. For example, moving from neutral or alkaline to acidic pH shifts the excitation
maximum of the pyrene-based compound 7 from 346 to 711 nm (Fig. 1), the property earlier used
to generate triarylmethyl carbocations with a variety of different colours.'#
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Figure 1. A. Absorption spectra of butylamides 7 (solid line), 8 (dotted line) and 9 (dashed line) (10> M in DCM). B.
Fluorescence spectra of butylamides 7-9 (10-° M in DCM); excitation wavelengths: 330 nm (7), 420 nm (8), 343 nm (9).
C. Absorption spectra of cations of butylamides 7-9 (10> M in 1% TFA/DCM)
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Scheme 2.

Trityl carbocations do not fluoresce in the range detected for the corresponding tritanols. This
property can be used to improve the discrimination of labels: first by increasing the accuracy of
intensity measurements; and, second, increasing the potential number of colours in the palette.
For example, targets can be labelled with two fluorophores having similar excitation and emission
spectra, but only one of which is switchable by pH change. After hybridisation, measurements are
taken at two pH values: under ambient conditions and after exposing the array to acidic vapour,
which is enough to switch the emission of fluorescent trityls off immediately, but reversibly. Using
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a single excitation source, both fluorophores emit at neutral pH but only one will emit in acid.
These two measurements alone would be enough to distinguish the two patterns of hybridisation.
But a third measurement, using a source which excites the second fluorophore in acid, can give
more analysis. In this way it may be possible to double the number of labels that can be used
together.

To evaluate the suitability of our fluorescent labels as components for fluorescence resonance
energy transfer (FRET), a model compound 10 was synthesized® by the stepwise acylation of
4,7,10-trioxa-1,13-tridecanediamine with 4b followed by 4a in DCM. While the absorption spectra
for both non-ionised and bis-cationic forms essentially represent a superposition of 7 and 8 (Fig.
2A), 10 fluoresces only at 450, 480 and 515 nm when excited at the pyrene absorption maximum
of 330 nm (Fig. 2B), with no detectable fluorescence of pyrene (at 377, 388 or 396 nm). When
mixed in equimolar amounts, 7 and 8 retain their own fluorescence properties (data not shown).
This suggests a possibility of designing fluorescent labels having increased Stokes’ shifts by
arranging the necessary fluorophores (perhaps even more than two) in the vicinity of each
other.!> Furthermore, additional control can be achieved by making some of these parts more
acid-labile than the others, so that some selected components of the chain may be reversibly
switched off by decreasing the pH. Mass-spectrum (LDI-TOF) of 10 (calculated exact mass for
C7sH70N,Oq: 1210.50) showed, apart from the molecular ion, two fragments, lacking one
(1193.46) and two (1176.47) hydroxyl groups. The fact that the latter flies in mono-charged
(mono-cationic) and not in bis-cationic form” (the signal for 1176.49/2 = 588.25 was not detected)
suggests some unusual interactions, perhaps FRET during the LDI-TOF process, initiated by
laser irradiation at 340 nm, which is almost a perfect match with the absorption maximum for 10.

=]
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Figure 2. A. Absorption spectra of 10 (10-> M in DCM) in non-ionised (solid line) and bis-cationic (dotted line) forms
(in 1% TFA/ DCM). B. Fluorescence spectrum of bis-chromophore 10 (10° M in DCM); excitation wavelength:
330 nm

To demonstrate the reversibility of the fluorescence in real time, acid was generated using a
microelectrode technique. A series of 20 linear iridium microelectrodes 40 pm wide (80 pm
between centres) on a silicon dioxide wafer were manufactured using photolithography methods.
A glass microscope slide was silanized with 3-aminopropyltrimethoxysilane and treated overnight
with a 0.1 M solution of 4b in THF. This slide was then washed and placed atop of the micro-
electrode array, separated by ca. 3 um layer of an electrolyte (hydroquinone in CH3CN). Confocal
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microscopy was used to examine the fluorescence emission at 520 nm with Ar/Kr laser excitation.
Application of voltage across adjacent electrodes generated protons electrochemically at the
anodes, resulting in a lower pH and a corresponding decrease in fluorescent emission at 520 nm
(Fig. 3). Upon switching off the microelectrodes, the fluorescent emission reverts to the starting,
voltage-off condition, demonstrating the reversibility of the acid-catalysed carbocation con-
formation. Aminated polypropylene can also be used instead of glass (data not shown).

Figure 3. Fluorescent response of an aminated glass surface coated with 4b (Scheme 2) to acid generated electro-
chemically above horizontal microelectrodes, observed using confocal microscopy. Left, no voltage applied. The signal
consists of fluorescence from 4b on the surface and reflection from iridium-covered electrodes A—D. Right, the voltage
(1.2 V between cathode B and anode C and 0.8 V between cathode D and anode C) is applied. The acid generated on
the anode C leads to conversion of 4b into cationic form with consequent disappearance of the signal

At present, we are preparing the corresponding phosphoramidite derivatives of 4a—c to facilitate
their incorporation into synthetic oligonucleotides.
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APPENDIX D: SUPPLEMENTARY CONFOCAL IMAGE DATA

Appendix D

Supplementary Confocal
Image Data

Given the value of brevity in published works, the fluorescent images presented in
Chapters 2-5 represent a small subset of the large number of confocal images gener-
ated during the course of this research. As most of the oligonucleotide synthesis re-
sults are in the form of image-based data, the full data set from all experiments is
overwhelming. However, some of the images not presented in manuscript form are
shown here. Selected to show interesting electrochemical effects, negative results,
preliminary experiments, and various other uncategorised findings, the images shown
here provide a reasonably good sampling of the fluorescent data generated through-
out the course of this work. Many of these and similar images were used in the for-
mulation of ongoing theoretical hypotheses and improvements in apparatus and
technique.

Brief descriptions of the included data follow the images. The annotations are
concise, but provide further examples for reference. The images are presented in
chronological order. FEach image represents an area of 1 mm® (I mm width and

height) unless otherwise noted.
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Figure 39 Patterning produced by damaged microelectrodes. Black represents area
where acid reached the surface. The diagonal interruption in the lines shows where
the microelectrodes were scratched. Interestingly, the acid spills out in areas without
apparent adjacent cathodes. This experiment provided some evidence for the confin-
ing effect of the cathodes.

Figure 40 Spread of acid at the edges of the electrodes. Black represents acid distri-
bution. The black plumes at the bottom of the image are areas where acid could es-
cape the confining cathodes, as the linear electrodes ended just above that point.
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Figure 41 “Cy5 destruction” experiment. One of the first series of experiments de-
signed to determine the spread of acid used a glass substrate entirely coated with
fluorescent label. Held adjacent to the microelectrodes during application of current,
very low pH caused covalent rearrangement (and “killed” fluorescence) of the fluoro-
phore. Confocal analysis subsequently revealed black lines as regions where the acid
had reached the substrate. The above image shows the results from five voltages,
from 1.10 V on the left to 1.90 V on the right (30 s at 40 um gap). Note the higher
fluorescence on the edges of the leftmost line. This was likely due to very high
fluorescent loading density and a non-linear fluorophore self-quenching effect. Be-
cause this effect is difficult to interpret, these “Cy5 destruction” experiments were
abandon for the “capping” experiments as used in Chapter 2.
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Figure 42 Another Cy5 destruction experiment. This result shows an example of
the irritating self-quenching behaviour. The brighter left line actually represents
fluorophore destruction, which then causes a slightly lower fluorescent molecule den-
sity, and reduction in self-quenching. Nonetheless, the very sharp edges on the lines
provided promising evidence that the electrochemical method could produce high-

resolution features.
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Figure 43 Acid streams beyond edges of the microelectrodes. At the end of the mi-
croelectrodes, the unconfined anode produces acid which streams out elsewhere.
The above images show such acid streaming at 1.9 V. The relatively straight jet or
stream at the edge of the electrode appeared like an electrokinetic effect, in that dif-
fusion alone would have produced a cloud pattern.
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Figure 44 Acid spilling into undefined areas. This is a lower magnification of results
as shown in the previous figure. A darker shaded region between all the electrodes as
compared to the control substrate fluorescence (the edges of the image) seems to
indicate unconfined acid leaking across cathodes. This image uses the self-quenching
Cyb5 destruction test, and comparatively high voltages (up to 2.1V).

Figure 45 Capping method. This is the first result demonstrating the use of the
capping method of detection, which was used in Chapter 2. The capping method
suffers none of the self-quenching artefacts, and verifies acidic deblocking of the di-
methoxy-trityl group was successful.
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Figure 46 Patterned edge magnification. This image shows a high power magnifica-
tion of the edges of the lines produced using early variations of the electrochemical
patterning method. The entire frame is 25 um wide, and the transition from pat-
terned region (dark) to unpatterned occurs over about 5 um. These features were
patterned at a gap distance of 120 pm. Subsequent refinement in the method allowed
even sharper edge definition. The left-hand image shows results from the capping
method, and the right-hand from the Cy5 destruction method.
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Figure 47 Fluorescence bleaching. When repeatedly scanned for long durations at
high laser power under confocal microscopy, the fluorophore undergoes photo-
bleaching. The dark rectangles in the middle of the sample show areas where the
substrate was scanned for several minutes at high power. The brightest rectangles, in
the middle of the micrograph, show evidence of the self-quenching behaviour as pre-
viously described.

Figure 48 Incomplete substrate derivatisation. The vapour-phase glass derivatisa-
tion procedure used to prepare the substrate for covalent attachment of DNA was
usually reliable. However, this image shows the results of DNA synthesis after fail-
ure in the temperature cycle for the derivatisation procedure; the oligonucleotides do
not adhere well to the glass.
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Figure 49 FEarly range-finding experiments. This image shows single-step base addi-
tions using a range of acid exposure times (all at 1.33 V and 40 um gap distance).
The stripe on the far left was exposed to acid for 4 seconds, and the one on the far
right for 128 seconds. The dark area in the middle of the stripes shows the effects of
acid overexposure, which causes depurination as discussed in detail in Chapter 4.
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Figure 50 An example of the patterns produced during early range-finding experi-
ments. The ability to address single electrodes and vary the gap distance during sin-
gle experimental runs proved enormously useful in completing large numbers of
range finding experiments quickly. The above images show the results obtained in
parallel from a single synthetic run: acid exposure times were 8 s, 16's, 32's, 64 s, and
128 s (from left to right, all at 1.33 V) at 20 um gap distance (left image) and 40 um
gap distance (right image). The capping method was used here, producing dark areas
upon acid exposure.
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Figure 51

A further example of range-finding experiments conducted in parallel.
These images show the variation in acid reaching the substrate with various voltages
applied to the microelectrodes (1.08, 1.15, 1.22, 1.28, 1.36 V from left to right), at

two different durations (4 seconds left image, 8 seconds right). Gap distance was 40
um for both images.
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Figure 52 Demonstration of synthesis failure. The entire system used for DNA
synthesis in these experiments was complex. Failure in any one of its component
parts (electronics, software, flow-cell, micrometer housing, synthesiser, or chemical
reagents) would result in poor or no DNA synthesis. The above images show the
results from one such failure; the substrate became detached from its carrier during
synthesis, and was left floating in the flow cell. Real-time current measurements dut-
ing this run were abnormal, so the problem was quickly detected and corrected.
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Figure 53 Further demonstration of large-scale parallel range finding. For optimis-
ing yields in this work, a two-phase approach was generally practised. In the first
phase, multiple variables were altered in large increments with the goal of exploring
as wide of a range of parameters as possible. Subsequent second phase experiments
varied a single parameter, with the goal of fine-tuning the system. The above images
show the results from a single synthetic run of the second-phase fine-tuning variety,
in this case varying exposure times from 3.0 seconds (left line on top left image) to
41 seconds (right line on bottom right image). Chapter 4 presents and discusses re-
sults from experiments similar to these.
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Appendix E

An Electrochemical Redox Couple
Activated by Microelectrodes for
Confined Chemical Patterning of
Surfaces

The following paper was published in Analytical Chemistry in 2002 and presented

in Chapter 2 with changes only in formatting.
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An Electrochemical Redox Couple Activitated by
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of Surfaces
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Microelectrodes, printed as an array on the surface of a
silicon chip, generate chemically active species in a
solution of electrolyte held between the electrode array
and a glass plate. The active species induce chemical
change in molecules coupled to the surface of the glass
plate, which is separated from the electrode array by a
gap of several micrometers. This paper explores the
nature and pattern of the induced chemical change. The
patterning is discussed with respect to the electrolyte
composition and the magnitude and duration of current
applied to the microelectrodes. We show that under
suitable conditions the active species is confined to
micrometer-sized features and diffusion does not obscure
the surface pattern produced.

The techniques that revolutionized the manufacture of elec-
tronic components have recently been applied to biological and
chemical systems. Small devices carrying molecules of DNA!-6
or peptides’ have been fabricated on glass, silicon, and plastic
substrates. These chemical and biological “chips” have been used
in genomic analysis,®® gene expression profiling,’® drug analy-
sis,'t2 and environmental and biological sample analysis.’*~1
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Although several in situ fabrication techniques have been used
to make these devices, there remain many significant technical
challenges.18.19

There are two requirements for any in situ molecular fabrica-
tion method. First, it must be able to apply the methods of
chemical synthesis to make molecules of defined structure on a
solid substrate. Second, it must be capable of creating the
molecular features in spatially defined regions. Many organic
syntheses follow a stepwise path in which an active group is
exposed by removal of a protecting group and then coupled with
an active reagent.?-2 Nucleic acid and peptide syntheses are
examples of this approach;2 these chemistries were first adapted
to solid-state synthesis and then to patterned synthesis on planar
substrates. In these and other syntheses, protecting groups are
typically removed by acid or base.

Methods that have been used for patterned in situ synthesis
include ink-jet application of deprotection agents,* application of
precursors by physical masking®2 or ink-jet printing,2’-% ap-
plication of physical masks by photolithography,® and removal
of photolabile protecting groups by photomasking.1832 Although
these methods have proven useful, each has certain disadvantages.
Physical masking is only suitable when the synthetic pattern may
be formed by overlapping placements of the mask; the resolution
of the ink-jet method is limited by the accuracy in aiming droplets
of reagents and by their spread when they hit the surface; the
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photolithographic methods require special photosensitive reagents
and expensive fabrication of mask sets for each pattern produced.

In this work, we explore a method of patterning a surface using
electrochemically generated reagents. Reagents that can be
produced electrochemically include acids, bases, radicals, reactive
gases or ions, metals, and many types of reducing and oxidizing
species.®*7% The amount and reactivity of reagents can be
controlled by the choice of electrolyte solution or the applied
voltage. This fine regulation of the chemical conditions may thus
permit a degree of control of the reaction not possible with other
fabrication methods.

Electrochemical methods described previously used single
active electrodes®” and are not suitable for creating large numbers
of small features. We describe a new approach which uses an
array of individually addressable electrodes placed a short distance
from the surface to be treated. The electrodes generate active
reagent that reacts with molecules on the surface. In the examples
described here, active reagent is an acid, generated at anodes.

The elements of the microelectrode array are individually
addressable, so independent features of the pattern can be
generated in parallel. Furthermore, using anodes and cathodes
in close proximity introduces a means of controlling diffusion of
the reactants. In systems that use a single isolated electrode to
generate an active species, such as scanning electrochemical
microscopy, reactants diffuse rapidly from the vicinity of the
electrode. A number of electrical and chemical means have been
used to confine the reagents generated at the microelectrode,*4!
but diffusion is intrinsic to any reagent in solution. For example,
a small 1.7-um electrode generates a 250-um pattern after 20 s
which grows to the relatively macroscopic dimension of 400 um
after 80 s.42 We have designed a chemical system that limits these
effects.

A “guenching” reagent generated at the cathodes destroys acid
everywhere but in regions close to the anode that generated it.
This constraining effect of the counter electrodes creates features
that approach the size of the microelectrodes themselves. Unlike
methods such as scanning electrochemical microscopy patterning,
where the tool must be manipulated to “write” a surface feature,
this method allows “printing” on a surface, with printed pattern
determined simply by the microelectrode arrangement.

EXPERIMENTAL SECTION
Materials. Silicon wafers were used for creating the micro-
electrodes and as the solid supports for the electrochemical
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patterning. Wafers were purchased from Aurel GmbH (Landsberg,
Germany) as P-type (boron doped), (100) orientation, 7—21 Q cm
resistivity, 100-mm diameter, 518—532 um thick, CZ Silicon Prime
Wafers, SEMI standard. The wafers were thermally oxidized to
yield a 124 £+ 0.4-nm surface thickness of silicon dioxide.
(Glycidoxypropyl)trimethoxysilane (Sigma-Aldrich, Poole, En-
gland) was used as supplied. Poly(ethylene glycol) (200 average
molecular weight, Sigma-Aldrich) was used without further
purification. Benzoquinone, hydroquinone, and tetrabutylammo-
nium hexafluorophosphate (Sigma-Aldrich) were dissolved in
anhydrous acetonitrile (supplied as “phosphoramidite diluent”,
Cruachem, Glasgow, Scotland) under dry argon immediately
before use. Dimethoxytrityl (DMT) was attached to the substrate
as a thymidine f-cyanoethyl phosphoramidite (Cruachem) using
standard DNA synthesis reagents (Cruachem). Equal volumes of
acetic anhydride and (dimethylamino)pyridine (Cruachem) were
used in solution for the acetylation. “Cy5 phosphoramidite” used
for fluorescent reporting was purchased from Amersham Phar-
macia Biotech (Bukinhamshire, England) and diluted with anhy-
drous acetonitrile (100 mg/mL) before use. Iridium metal used
for microelectrodes was 99.9% purity (Johnson Matthey Noble
Metals, London, England).

Microelectrode Array. The fabrication of an array of micro-
electrodes resistant to reduction, oxidation, chemical attack, and
mechanical destruction presented special challenges and will be
described in detail elsewhere. Briefly, 96 linear electrodes were
fabricated by electron beam evaporation of 50-nm iridium metal
onto silicon wafers previously patterned with an organic photo-
resist using conventional UV light photolithography. After the
photoresist was removed in acetone, the iridium was annealed
by heating at 350 °C for 30 min in air and then cleaned by reactive
ion etching (in oxygen and argon). The resulting microelectrodes,
each measuring 40 £ 0.1 xm wide by 7500 um long and separated
by 40-um gaps, were connected to separate printed circuit board
tracks via 20-um gold wire bonds.

Preparation of Glass Substrate. Polished, oxidized silicon
wafers were used as the patterned surface supports. Before
electrochemical patterning, the wafer surface was functionalized
with a linker molecule to which the organic reagents were
attached.** Wafers were placed in a 18.1-L vacuum furnace
chamber with an ampule containing 5 mL of (glycidoxypropyl)-
trimethoxysilane. After the furnace was heated to 185 °C, the
ampule was heated to 205 °C and the chamber evacuated to 25—
30 mBar. After ~2.5 mL of the silane had evaporated, the chamber
was allowed to cool under vacuum (102 Torr). A “linker molecule”
was attached by immersing the (glycidoxypropyl)trimethoxysilane-
derivatized wafers in 200 mL of poly(ethylene glycol) containing
100 uL of sulfuric acid. DMT-containing phosphoramidite was then
covalently attached to the free hydroxyl on the poly(ethylene
glycol) by conventional oligonucleotide synthesis techniques?®44
employing 3% dichloroacetic acid deblocking. The wafer substrate
surface thus prepared was cut into 1-cm squares for use in
patterning.

Reagent Delivery and Substrate Positioning. Reagents used
for the electrochemically directed synthetic steps were flushed
across the entire substrate surface in an apparatus designed to
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Figure 1. Chemical patterning reactions on a surface carried out
in an enclosed chamber through which appropriate reagents could
be delivered. A digital micrometer head precisely manipulated a gap
between a microelectrode array and the surface so that chemical
products generated at the microelectrodes could diffuse to the
patterned surface, where synthetic chemical steps were performed.
A specially designed computer control board controlled the flow of
reagents, applied external potentials to each of 96 individual micro-
electrodes, and measured the resulting currents.

hold the substrate a specified distance (20 & 1 um in these
experiments) from the microelectrode set (Figure 1). This
distance could be increased by adjusting a digital micrometer head
piston to allow large volumes of solvent or other reagent through
the system as appropriate and then reestablished during the
electrochemical acid generation.

Acid Generation and Current Measurement. A custom
electronic circuit applied current in a parallel fashion to each of
the electrodes independently and is described in detail elsewhere.
Any electrode could be disconnected from the voltage source
(made “floating™) by analog multiplex switch integrated circuits.
Voltages were applied at the anodes with respect to the cathodes
(the electrochemical system is a “two-electrode cell”). As the
current delivered to each individual electrode was very small
(nanoamps), instrumentation amplifiers were employed in its
measurement. A computer software program controlled this
electronic circuit and also automated delivery of reagents to the
substrate.

Acetylation and Fluorescent Reporter. The loss of the acid-
sensitive trityl protecting group on conventional phosphoramidites
indicated regions where acid reached the substrate during the
electrochemical deblocking step. After electrochemical patterning
of a microscope slide coated with trityl-containing phosphoramid-
ite, the entire surface was treated with a mixture of equal volumes
of acetic anhydride and (dimethylamino)pyridine using an ABI
394 DNA synthesizer. This reagent renders the regions previously
subject to acids unreactive toward further chemical modification.
Remaining trityl groups were removed by treating the whole
surface with DCA, and a subsequent final modification of the entire
surface with Cy5 phosphoramidite resulted in fluorescence
everywhere except those regions patterned by electrochemically
generated acids.

Fluorescence Detection. Fluorescent molecules were de-
tected using a Leica TCS NT confocal microscope. Confocal
microscopy allowed examination of fluorescence in a single focal
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plane, thus eliminating background fluorescence while the mono-
layer was observed. Before each measurement, the focal plane
was adjusted to the height of the substrate on the microscope
stage and the photomultiplier tube (PMT) voltage adjusted to
maximum sensitivity without saturation. The fluorescent units
recorded for each image are arbitrary and not directly comparable
across experiments, as microscope adjustments were independent
for each sample.

Cyclic Voltammetry. Voltammetric experiments were per-
formed with an Autolab potentiostat system (Eco Chemie) in a
conventional three-electrode cell with a platinum gauze counter
electrode and a saturated calomel (SCE) reference electrode. The
cyclic voltammograms were obtained for the reduction and
oxidation of an acetonitrile solution (0.1 M NBu4PFg) of 2.5 mM
benzoquinone and 2.5 mM hydroquinone at a 1-mm platinum disk
electrode (T = 22 °C).

RESULTS AND DISCUSSION
Interaction of Acid at the Surface. As an example of a step

used widely in organic synthesis, we chose to study the thermo-
dynamically and kinetically favorable removal of a DMT group
by mild acid to form a primary hydroxyl (an overall depiction of
the process is shown in Figure 2). A glass chip was first derivatized
with a linker to which a deoxyribothymidine (dT) phosphotriester
was attached by conventional phosphoramidite coupling.?® The
dT carried a DMT group on the 5-hydroxyl. We had previously
verified that the DMT group could be efficiently removed by dilute
sulfuric acid in acetonitrile.

The objective was to remove this group using acid generated
at the anodes of a microelectrode array placed against the glass
chip by a substrate positioning apparatus allowing fine control of
the distance between the electrodes and chip (Figure 1) and to
acetylate the hydroxyl groups in the exposed regions by treatment
of the whole surface with acetic anhydride. The DMT groups not
removed by the electrochemical step were then removed by
treating the whole surface with a solution of dichloroacetic acid
in dichloromethane. The hydroxyl groups thus exposed were
coupled to Cy5, a fluorescent dye, so that the pattern produced
by the electrochemical generation of acid was revealed by
observing the fluorescence of the Cy5 in a confocal microscope.

In the following sections, we discuss the processes that
generate active species at the electrodes, the reaction that takes
place on the substrate, and the interactions that take place in the
solution between the electrodes to destroy the species generated
at the anode and cathode. We discuss the stoichiometry and
kinetics of these processes.

Acid Generation. We have explored the effects of varying
the electrolyte solution, and the results presented here were
obtained with an electrolyte system optimized for the acetylation
patterning process. Acid was generated at the anode by the
oxidation of hydroquinone (HQ) to benzoquinone (Q) in aceto-
nitrile. Although the mechanism was subject to some controversy
in the early literature,~%0 the oxidation half-reaction yields a clean
source of protons at the anodes, as shown below:
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Figure 2. Oxidation process, Electrochemical oxidation of hydroquinone at the anodes (+) on an array of microelectrodes delivers acid to
localized regions on a surface (the gray shading symbolizes surface regions near the anode). The acid removes a dimethoxytrityl (DMTr) group
(1) to expose a primary hydroxyl (OH), which is then exposed to an acetylating reagent (2) to attach an acetyl group (Ac). Subsequent treatment
of the entire surface with an acid solution (3) followed by coupling of a fluorescent (Cy*) dye (4) allows imaging by confocal microscopy so that
regions of acetylation are revealed by diminished fluorescence. The counter electrode process at the adjacent cathodes (—) is the reduction of
benzoquinone, which yields a radical anion reactive with protons, thus acting to deplete acid in the cathode region and regenerate hydroquinone.
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This oxidation of hydroquinone and the reduction of benzo- e
quinone in these experiments was characterized by cyclic vol- ks 0.0 1.0 175
tammetry in bulk electrolyte solution (see Figure 3). The two main E/V 1. SCE
processes detected under these conditions are the oxidation of Figure 3. Reversible oxidation of hydroquinone and reduction of

hydroquinone (P2o) at + 1.2 V versus SCE peak potential (eq 1) benzoquinoqe. The chemical §ystem comprising thi; process gener-
d th ducti f b . p1 2) at —047 V ates well-defined, electrochemically induced pH gradients, with proton
an e reduction of benzoquinone (Plrq, €q 2) a ' vs generation at the anode and proton consumption at the cathode. This

figure shows cyclic voltammograms for the reduction and oxidation

0 (0] . of an acetonitrile solution (0.1 M NBu4PFs) of 2.5 mM benzoguinone
i and 2.5 mM hydroquinone at a 1-mm platinum disk electrode (scan
if, ) rates 200, 500, and 1000 mV/s, T = 22 °C). The peak Plieq

corresponds to the reversible reduction of benzoquinone to yield a
radical anion, and P2 corresponds to the oxidation of hydroquinone.
Minor signals P4 and P34 have been assigned tentatively to the
oxidation of deprotonated hydroquinone and the reduction of pro-
tonated benzoquinone, respectively.
SCE peak potential. Two minor signals in the voltammogram may
be attributed to the oxidation of hydroquinone in the deprotonated
state (P4.x) and the reduction of benzoquinone in the presence
of electrogenerated acid (P3eq). Overall, the reaction scheme is
complex but in agreement with previous reports.>

The process at the cathodes is the reduction of benzoquinone o 1z OH o
and yields a radical anion as shown in eq 2.5 The radical anion is
relatively stable but may undergo followup chemical reactions in 5 - oHr — © . @ 3)

the presence of protons. We therefore speculated that acid in

solution would be consumed by the cathodic radical anion as
shown in eq 3. As the radical anion and proton are of opposite

(51) Bauscher, M.; Maentele, W. J. Phys. Chem. 1992, 96, 11101—11108.
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charge, we considered that electric field effects in depleted
concentrations of supporting electrolyte may also act to enhance
the annihilation of acid.>

We speculated that the acid generated in the anodic process
(P2) would be strong enough to remove the acid-labile DMT
group. The voltage (applied at the anodes with respect to the
cathodes) required to establish the pH gradient was expected to
be between 0.9 (difference between potentials for reduction P1
and oxidation P4) and 1.67 V (difference between reduction P1
and oxidation P2). Observations described below support this
prediction and demonstrate that the rate of production of acid at
the anodes and the rate of diffusion across the gap to the surface
leads to complete removal of the DMT in a few seconds.

Stoichiometry and Kinetics. The rate of the patterning
reaction is determined by the probability that protons in solution
reach the immobilized DMT at the surface. We therefore found
it instructive to compare the total number of hydroguinone
molecules in solution to the number of DMT groups on the
surface.

Before voltage is applied, the amount of DMT on the glass
chip is ~10 pmol/mm? surface area.*® The quantity of hydro-
quinone in a 20-um depth of electrolyte solution overlying the
surface is 500 pmol/mm?. Thus, oxidation of all the hydroquinone
in this area would result in a 100-fold molar excess of acid,
assuming all protons transverse the electrode—surface gap and
arrive evenly over the chip surface.

A true estimate of the number of protons generated at the
anode can be obtained from measurement of the current. The
number of protons (N,) produced during patterning of duration t
is equal to the number of electrons (N¢) removed from the anodes
by the external voltage source and was calculated from the applied
current (i) as follows:

N, =N, = )

where F is Faraday’s constant (we assumed 100% current efficiency
for these calculations). We designed an amplifier circuit to record
current at each of the microelectrodes to nanoampere precision,
with negligible measured background current. We then used the
electrodes to generate patterns and considered the amount of acid
produced under various conditions.

We applied a range of dc potentials to anodes (with respect to
cathodes) which were 7.5 mm long by 40 um wide and separated
from adjacent cathodes by 40 um (the significance of the electrode
arrangement is discussed later), with a depth of solution of 20
um between the electrode array and substrate. The rate of protons
generated is very small at cell potentials below 1.2 V and increases
exponentially above 1.3 V (Figure 4), with a corresponding
increase in the rate of the patterning at the substrate (Figure 5).
The current is high directly after the voltage is applied while the
hydroquinone near the anodes is oxidized (as in a potential step
experiment). It then reaches a diffusion-limited steady state near
1 uA for a cell potential of 1.33 V after ~2 s, when the rate of

(52) Yamanuki, M.; Hoshino, T.; Oyama, M.; Okazaki, S. J. Electroanal. Chem.
1998, 458, 191—-198.
(53) Maskos, U.; Southern, E. M. Nucleic Acids Res. 1992, 20, 1679—1684.

1594  Analytical Chemistry, Vol. 74, No. 7, April 1, 2002

0.8 1.0 1.2 1.4 1.6
EP (volts)

Figure 4. Total protons liberated after 20 s as a function of the
applied electrical potential (Ep). The number of protons (N,) produced
was calculated from electrical current measurements. The voltage
and microelectrode geometry for these experiments is as shown in
Figure 5. The plot shows that N, varies exponentially with potential.
Thus, the rate of acid production and therefore surface patterning
may be manipulated by small changes in applied potential. The total
number of protons liberated at high voltages exceeds 1000 pmol (the
maximum amount that can generated without regeneration of reac-
tant), thus demonstrating the regeneration of hydroquinone from
benzoquinone and free protons in solution.

+ B+ B

Figure 5. Fluorescent image of a surface after patterning with
electrochemically generated acid. White (fluorescence) appears where
the surface was left unchanged by the acid generated at the anodes;
dark areas represent formation of an ester bond at the surface where
the dimethoxytrityl was removed. The active patterning reagents are
generated at the anodes (+) and confined by the cathodes (—). The
potential applied to the microelectrodes greatly affects the surface
patterning reaction. Five different potentials were applied for 20 s to
electrodes 20 um from the surface. A potential of 0.87 V generated
insufficient quantities of acid for reaction at the surface. At 1.03 V,
reaction is detectable but incomplete. In contrast, at 1.50 V, reaction
is complete everywhere inside the flanking cathodes. The overlying
white plot indicates average fluorescent intensity (arbitrary units)
across the image.

anodic hydroquinone oxidation is balanced by its regeneration
from benzoquinone and protons at the cathode.

We consider here the total amount of acid generated over an
anode versus the amount required to pattern the surface in a time
course experiment where the electrodes were 7500 um long by
40 um wide and separated from adjacent cathodes by 40 um, with
a depth of solution of 20 um between the electrode array and the
substrate. At 1.33 V, 2.0 &+ 0.1 pmol of protons are generated at
each anode in 0.2 s, rising to 800 + 40 pmol in 80 s. This total
quantity of acid generated after 80 s is in vast excess to the DMT
groups in the region of the substrate opposite the anode.

Analysis of the reaction at the surface of the substrate shows
that reaction is essentially complete after ~4 s at 1.33 V, resulting
in a 75-um-wide pattern (Figure 6) and the complete detritylation
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Figure 6. Surface reaction following timed applications of current.
The extent of reaction at the surface may be controlled and
investigated by delivering timed applications of current to the
electrodes; the patterning reagent is confined to the anodic region
over very long times. This image shows the patterns formed over a
time course, using a fixed potential of 1.33 V applied to electrodes
20 um from the surface. Diffusion does not blur the edges of the stripe
formed after 80 s. Instead, the sharply defined stripes are limited to
regions between the cathodes and show that patterning reagents may
be directed to strictly confined areas. After 0.2 s, detritylation is
incomplete; it is near completion at 1.0 s and complete by 2.0 s. With
longer times, the width of the stripe increases slightly until it is stable
at ~10 s. There is no detectable change between 10 and 80 s, when
the reaction was terminated.
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Figure 7. Initial extent and rate of the chemical reaction at the
surface determined by the amount of acid reaching the surface. This
plot shows the rate of patterning reaction, measured as the consump-
tion of unreacted surface molecules (N;), and is taken from area
measurements of the stripes in replicates of the experiment shown
in Figure 6. In these experiments, protons were liberated at the anode
at a measured, constant rate of 10 pmol/s. The reaction rate at the
surface is determined by both this rate of proton production and the
proportion of these protons that reach the patterned surface. If the
protons reach the surface, they act to remove remaining DMT groups;
if they travel elsewhere, they are consumed by the cathodic products
(reaction shown in Figure 2). The plot shows that reaction is complete
by ~4 s (additional protons liberated after this time elicit no further
chemical change).

of 30 pmol of DMT. Figure 7 shows stoichiometry calculated from
replicates of the experiment in Figure 6, where N, was calculated
by measuring the surface area of the completely reacted stripe
and multiplying by the known initial density of unreacted DMT
on the surface, as described above. The amount of acid generated
after 4 s is 40 & 2 pmol. Some of this acid does not reach the
substrate because it is consumed by an interaction with products
diffusing locally from the cathode into the region between the
electrodes.

Diffusion and Proton Neutralization. We believe the elec-
trode arrangement presented in this paper causes consumption

100pm —

IIHIH I-H
I 1 B 1 U
(a)

Figure 8. Ability of the cathodes to confine the acid. (a) Current
(fixed at 1.33 V for 16 s) applied to two anodes and three cathodes
produced two dark stripes. (b) Without a cathode separating the
anodes (outline O shows where the cathode was disconnected from
the circuit), anodic products flood the middle area, resulting in a single,
wide stripe. The patterned surface was 40 um from the electrodes in
this experiment.

of anode-generated protons near the cathodes by the reaction
shown in eq 3. Because we used cathodes situated only 40 um
from the anodes, the products liberated at the cathodes diffuse
rapidly to mix with the protons generated at the anodes allowing
regeneration of hydroguinone and benzoquinone in the solution
between the electrodes (complete reaction system as mentioned
previously in Figure 2). These products can then diffuse into the
region of the electrodes where they will take place in further
electrochemical reactions.

Figure 8 is a dramatic demonstration of this effect; a single
cathode placed between two adjacent anodes prevents any acid
from reaching the surface in its vicinity upon application of 1.33
V for 20 s. Subsequent removal of the cathode allows protons to
flood the area.

That the width of the line in Figure 6 does not increase with
prolonged generation of acid demonstrates the confinement of
protons over very long time periods. As the patterning technique
presented here utilizes free protons in solution, the lines generated
at the surface would become wider if protons were free to diffuse
over time. For example, an unconfined collection of 40 pmol of
protons released from the 40-um-wide anodes would reach the
surface to produce a stripe over 400 um wide after 40 s. Figure 6
shows that this does not occur; the radical anions near the cathode
consume protons in this region and thus limit the stripe to ~75
um, and even after 80 s the width of the stripe is unchanged.

The ability to deliver sharp pH gradients over a long time
period provides significant advantages in inducing chemical
reactions to completion on a surface. Although this particular
reaction was relatively fast so that the surface was patterned after
~4 s, less kinetically favorable reactions may be driven to
completion by delivering anodic products to confined regions for
any duration required, without diffusion outside the regions.

CONCLUSIONS
In this work, we have demonstrated a number of advantages

of the use of arrays of microelectrodes for performing synthetic
reactions on a surface.

First, the proximity of anodes and cathodes restricts diffusion
of the active species generated at one electrode by interaction
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with the products of the electrode of opposite charge. Thus, the
pattern of change induced on the substrate closely mirrors the
pattern of the electrode array, and features with dimensions of a
few micrometers are readily generated.

Second, fine control of the reaction is permitted by regulating
the voltage and duration of the pulse and by measurement of
current.

Third, a high degree of parallelism permits many different
reaction conditions to be applied to different regions of the
substrate surface; the number is limited only by the number of
electrodes in the array.

We illustrate the method by the removal of an acid-labile
protecting group that is commonly used in organic synthesis.
Elsewhere we will describe the extension of this reaction to the
synthesis of oligonucleotides, but the method has wider potential.
Electrochemical methods can be used to generate acids and bases
or other reactants of different strengths by changing the electro-
lyte, solvent, or applied potential. There are many examples of

1596 Analytical Chemistry, Vol. 74, No. 7, April 1, 2002

organic synthesis steps that use acids, bases, or other reactants
that could be generated at electrodes. Thus, the method could
be applied to a very diverse collection of chemical syntheses.
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APPENDIX F: MICROELECTRONICS

Appendix F

Microelectronics

The following is the final schematic of the microelectronic circuit built in this
work to regulate the voltage applied to the microelectrodes, control their switch-
ing, and measure resulting current. Thirty-two CMOS-level digital lines from a
computer interface board controlled the multiplexer switching and various other
functions in the circuit. The same interface board delivered two analogue voltage
outputs, and allowed for 16 simultaneous analogue voltage inputs.

The computer software program used for schematic layout also aided in de-
signing a printed circuit board (PCB) for building the device. The last page

shows the multi-layer layout for the schematic as constructed.
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APPENDIX G: MECHANICAL DIAGRAMS

Appendix G

Mechanical Diagrams

The following diagrams illustrate mechanical characteristics of reaction chambers
used for delivery of reagents to the gap between the microelectrodes and the sub-
strate. A number of designs were constructed to refine tolerances of gap align-
ment, ensure good seal between components, and resist chemical attack or swell-
ing upon contact with the reagents and organic solvents used for synthesis.

Some of the earlier designs are included for illustration of the design process.
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APPENDIX G: MECHANICAL DIAGRAMS

Figure 54 A 3D CAD Reconstruction of the flow-cell device
as presented in Chapter 3.
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APPENDIX G: MECHANICAL DIAGRAMS
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Figure 55 General specifications and dimensions for the microelectrodes used
for most of the oligonucleotide syntheses in this work. The microelectrodes (in
the middle, not individually distinguishable in this picture) fan out to bonding
pads (top and bottom of the image).
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APPENDIX G: MECHANICAL DIAGRAMS

Figure 56 An earlier O-ring based flow cell.
The DNA substrate is shown in blue.
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APPENDIX H: OLIGONUCLEOTIDE SYNTHESISER MODIFICATION AND CONTROL

Appendix H

Oligonucleotide Synthesiser
Modification and Control

Applied Biosystems 394 and 392 oligonucleotide synthesisers were adapted to the
electrochemical patterning processes developed in this work. As these machines
were designed specifically for reaction conditions in small synthesiser columns,
the larger fluidics chamber used for the electrochemical application required
modification of the synthesiser program.

The primary modifications included increased reagent delivery time, and
more vigorous rinses between synthesis steps. In addition, the synthesisers were
programmed to synchronise reagent delivery with application of current to mi-
croelectrode switching and the micrometer motions required to flush the reaction
chamber. In addition, software controlled and logged the synthesiser status for
each reagent delivery procedure, enabling quality control for long oligonucleotide

syntheses.
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APPENDIX H: OLIGONUCLEOTIDE SYNTHESISER MODIFICATION AND CONTROL

The following cycles (selected from many hundreds tried and used experi-
mentally) were the primary cycles developed for the work described in this thesis.
The tables use a numerical code to represent each reagent bottle, and function
numbers to identify reagent delivery steps. The cycles were discussed briefly in
Chapter 3. A key to reagent bottle numbers is shown in Figure 57. These tables
are reasonably complex, and presented here only for a complete record of proce-

dural details.
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APPENDIX H: OLIGONUCLEOTIDE SYNTHESISER MODIFICATION AND CONTROL
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Figure 57 ABI Synthesiser block diagram and reagent number key. Reagents
are represented as “bottle numbers” and referred to as such in the following cus-
tomized synthesiser function chart. (Reprinted from ABI Synthesiser manual.)
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APPENDIX H: OLIGONUCLEOTIDE SYNTHESISER MODIFICATION AND CONTROL

“ElectroAdd.” This cycle was use for the 6-mer and 17-mer syntheses as
described in Chapter 4:

- 392 Cycle Listing - (Version 2.00)
Name : ElectroAdd 5:26:15P, 8/ 8/ 0
Steps: 73
Step Function Step Step Active for Bases Safe
Number # Name Time A G c T 5 6 7 8 Step
1 106 Begin Yes
2 133 Relay 5 On Yes
3 103 Wait 1.0 Yes Yes Yes Yes Yes No No No Yes
4 134 Relay 5 Off Yes
5 42 18 to Column 20.0 Yes Yes Yes Yes Yes No No No Yes
6 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
7 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
8 42 18 to Column 20.0 Yes Yes Yes Yes Yes No No No Yes
9 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
10 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
11 202 Phos Prep 3.0 Yes Yes Yes Yes Yes No No No Yes
12 30 6 to Column 20.0 Yes Yes Yes Yes Yes No No No Yes
13 103 wWait 5.0 Yes Yes Yes Yes Yes No No No Yes
14 30 6 to Column 20.0 Yes Yes Yes Yes Yes No No No Yes
15 132 Relay 4 Pulse Yes
16 104 Interrupt Yes
17 132 Relay 4 Pulse Yes
18 111 Block Vent 30.0 Yes Yes Yes Yes Yes No No No Yes
19 103 Wait 145.0 Yes Yes Yes Yes Yes No No No Yes
20 132 Relay 4 Pulse Yes
21 104 Interrupt Yes
22 132 Relay 4 Pulse Yes
23 111 Block Vent 30.0 Yes Yes Yes Yes Yes No No No Yes
24 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
25 42 18 to Column 60.0 Yes Yes Yes Yes Yes No No No Yes
26 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
27 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
28 42 18 to Column 20.0 Yes Yes Yes Yes Yes No No No Yes
29 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
30 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
31 42 18 to Column 20.0 Yes Yes Yes Yes Yes No No No Yes
32 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
33 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
34 42 18 to Column 20.0 Yes Yes Yes Yes Yes No No No Yes
35 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
36 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
37 202 Phos Prep 3.0 Yes Yes Yes Yes Yes No No No Yes
38 111 Block Vent 2.0 Yes Yes Yes Yes Yes No No No Yes
39 204 Tet to Waste 1.7 Yes Yes Yes Yes Yes No No No Yes
40 33 B+Tet to Column 3.0 Yes Yes Yes Yes Yes No No No Yes
41 34 Tet to Column 1.5 Yes Yes Yes Yes Yes No No No Yes
42 33 B+Tet to Column 3.0 Yes Yes Yes Yes Yes No No No Yes
43 34 Tet to Column 1.5 Yes Yes Yes Yes Yes No No No Yes
44 33 B+Tet to Column 3.0 Yes Yes Yes Yes Yes No No No Yes
45 34 Tet to Column 1.5 Yes Yes Yes Yes Yes No No No Yes
46 33 B+Tet to Column 3.0 Yes Yes Yes Yes Yes No No No Yes
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APPENDIX H: OLIGONUCLEOTIDE SYNTHESISER MODIFICATION AND CONTROL

47 34 Tet to Column 1.5 Yes Yes Yes Yes Yes No No No Yes
48 103 Wait 30.0 Yes Yes Yes Yes Yes No No No Yes
49 205 Push to Column 1.0 Yes Yes Yes Yes Yes No No No Yes
50 103 wWait 30.0 Yes Yes Yes Yes Yes No No No Yes
51 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
52 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
53 42 18 to Column 20.0 Yes Yes Yes Yes Yes No No No Yes
54 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
55 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
56 41 15 to Column 15.0 Yes Yes Yes Yes Yes No No No Yes
57 103 Wait 5.0 Yes Yes Yes Yes Yes No No No Yes
58 41 15 to Column 15.0 Yes Yes Yes Yes Yes No No No Yes
59 103 Wait 5.0 Yes Yes Yes Yes Yes No No No Yes
60 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
6l 201 18 to Waste 4.0 Yes Yes Yes Yes Yes No No No Yes
62 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
63 42 18 to Column 20.0 Yes Yes Yes Yes Yes No No No Yes
64 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
65 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
66 42 18 to Column 20.0 Yes Yes Yes Yes Yes No No No Yes
67 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes No No No Yes
68 1 Block Flush 4.0 Yes Yes Yes Yes Yes No No No Yes
69 42 18 to Column 60.0 No No No No No No No Yes Yes
70 2 Reverse Flush 60.0 No No No No No No No Yes Yes
71 1 Block Flush 4.0 No No No No No No No Yes Yes
72 105 Start Detrityl Yes
73 107 End Yes
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“Cap.” This cycle was used for capping deblocked nucleotides as de-
scribed in Chapter 2.

- 392 Cycle Listing - (Version 2.00)

Name : Cap 7:44:01P, 3/24/ 0
Steps: 20

Step Function Step Step Active for Bases Safe

Number # Name Time A G c T 5 6 7 8 Step

1 106 Begin Yes

2 64 18 to Waste 5.0 Yes

3 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

4 42 18 to Column 17.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

5 2 Reverse Flush 12.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

6 4 Flush to Waste 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

7 102 Cap Prep 5.0 Yes

8 39 Cap to Column 17.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

9 103 wWait 10.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

10 64 18 to Waste 5.0 Yes

11 2 Reverse Flush 18.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

12 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

13 42 18 to Column 17.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

14 2 Reverse Flush 12.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

15 42 18 to Column 17.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

16 2 Reverse Flush 14.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

17 42 18 to Column 17.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

18 2 Reverse Flush 14.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

19 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes

20 107 End Yes
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“Fast Syn.” This cycle was used for DNA synthesis with conventional di-
chloroacetic acid deblocking (used to make control oligonucleotides).
The reagent delivery cycles and washing times were highly optimised for
the flow cell as described in Chapter 3.

- 392 Cycle Listing - (Version 2.00)
Name : Fast Syn 7:43:45pP, 3/24/ 0
Steps: 49
Step Function Step Step Active for Bases Safe
Number # Name Time A G C T 5 6 7 8 Step
1 106 Begin Yes
2 64 18 to Waste 4.0 Yes
3 42 18 to Column 12.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
4 2 Reverse Flush 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
5 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
6 101 Phos Prep 3.0 Yes
7 140 Column 1 On Yes
8 111 Block Vent 2.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
9 58 Tet to Waste 1.7 Yes
10 33 B+Tet to Column 2.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
11 34 Tet to Column 0.5 Yes Yes Yes Yes Yes Yes Yes Yes Yes
12 33 B+Tet to Column 2.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
13 34 Tet to Column 0.5 Yes Yes Yes Yes Yes Yes Yes Yes Yes
14 33 B+Tet to Column 1.5 Yes Yes Yes Yes Yes Yes Yes Yes Yes
15 103 wWait 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
16 43 Push to Column Yes
17 141 Column 1 Off Yes
18 103 Wait 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
19 2 Reverse Flush 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
20 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
21 41 15 to Column 10.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
22 103 Wait 10.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
23 41 15 to Column 10.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
24 64 18 to Waste 4.0 Yes
25 42 18 to Column 12.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
26 2 Reverse Flush 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
27 42 18 to Column 12.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
28 2 Reverse Flush 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
29 1 Block Flush 3.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
30 105 Start Detrityl Yes
31 103 Wait 20.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
32 40 14 to Column 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
33 103 Wait 2.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
34 40 14 to Column 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
35 103 Wait 2.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
36 40 14 to Column 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
37 103 Wait 2.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
38 40 14 to Column 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
39 103 Wait 2.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
40 42 18 to Column 12.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
41 2 Reverse Flush 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
42 42 18 to Column 12.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
43 2 Reverse Flush 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
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44 42 18 to Column 12.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
45 2 Reverse Flush 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
46 42 18 to Column 12.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
47 2 Reverse Flush 6.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
48 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
49 107 End Yes
7 End Yes
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“10 um CE” This cycle was used for conventional DNA synthesis in
Cruachem-supplied “10 micromolar” columns, and was used to synthesise
some of the targets as described in Chapter 4.

- 392 Cycle Listing - (Version 2.00)
Name : 10 um CE 12:50:29p, 4/17/ 0
Steps: 66
Step Function Step Step Active for Bases Safe
Number # Name Time A G C T 5 6 7 8 Step
1 106 Begin Yes
2 64 18 to Waste 4.0 Yes
3 42 18 to Column 80.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
4 2 Reverse Flush 35.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
5 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
6 101 Phos Prep 3.0 Yes
7 140 Column 1 On Yes
8 34 Tet to Column 1.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
9 33 B+Tet to Column 30.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
10 141 Column 1 Off Yes
11 142 Column 2 On Yes
12 64 18 to Waste 5.0 Yes
13 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
14 34 Tet to Column 1.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
15 33 B+Tet to Column 30.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
16 143 Column 2 Off Yes
17 103 Wait 40.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
18 64 18 to Waste 5.0 Yes
19 42 18 to Column 30.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
20 2 Reverse Flush 35.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
21 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
22 102 Cap Prep 5.0 Yes
23 39 Cap to Column 55.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
24 103 Wait 10.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
25 64 18 to Waste 5.0 Yes
26 2 Reverse Flush 35.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
27 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
28 41 15 to Column 50.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
29 103 Wait 20.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
30 64 18 to Waste 5.0 Yes
31 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
32 42 18 to Column 50.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
33 2 Reverse Flush 35.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
34 42 18 to Column 50.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
35 2 Reverse Flush 35.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
36 42 18 to Column 50.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
37 2 Reverse Flush 35.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
38 42 18 to Column 50.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
39 2 Reverse Flush 35.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
40 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
41 105 Start Detrityl Yes
42 64 18 to Waste 5.0 Yes
43 42 18 to Column 30.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
44 2 Reverse Flush 35.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
45 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
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46 167 If Monitoring Yes
47 44 19 to Column 50.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
48 40 14 to Column 5.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
49 135 Monitor trityls Yes
50 40 14 to Column 140.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
51 136 Monitor noise Yes
52 40 14 to Column 10.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
53 137 Stop monitor Yes
54 42 18 to Column 10.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
55 2 Reverse Flush 8.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
56 168 If not Montring Yes
57 40 14 to Column 140.0 Yes Yes Yes Yes Yes Yes Yes Yes No
58 169 End Monitoring Yes
59 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes No
60 64 18 to Waste 5.0 No
6l 42 18 to Column 30.0 Yes Yes Yes Yes Yes Yes Yes Yes No
62 2 Reverse Flush 35.0 Yes Yes Yes Yes Yes Yes Yes Yes No
63 42 18 to Column 30.0 Yes Yes Yes Yes Yes Yes Yes Yes No
64 2 Reverse Flush 35.0 Yes Yes Yes Yes Yes Yes Yes Yes No
65 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
66 107 End Yes
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“DCA.” This cycle was specifically used to deliver dichloroacetic acid to
the chamber, for control experiments comparing conventional deblocking
to the electrochemical method.

- 392 Cycle Listing - (Version 2.00)
Name : DCA 11:54:32p, 7/22/ 0
Steps: 36
Step Function Step Step Active for Bases Safe
Number # Name Time A G C T 5 6 7 8 Step
1 106 Begin Yes
2 133 Relay 5 On Yes
3 103 Wait 1.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
4 134 Relay 5 Off Yes
5 64 18 to Waste 4.0 Yes
6 42 18 to Column 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
7 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
8 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
9 42 18 to Column 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
10 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
11 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
12 42 18 to Column 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
13 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
14 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
15 42 18 to Column 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
16 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
17 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
18 42 18 to Column 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
19 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
20 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
21 40 14 to Column 25.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
22 103 wWait 5.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
23 40 14 to Column 25.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
24 103 Wait 5.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
25 2 Reverse Flush 20.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
26 40 14 to Column 25.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
27 103 Wait 5.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
28 40 14 to Column 25.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
29 103 Wait 5.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
30 2 Reverse Flush 20.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
31 64 18 to Waste 4.0 Yes
32 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
33 42 18 to Column 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
34 2 Reverse Flush 15.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
35 1 Block Flush 4.0 Yes Yes Yes Yes Yes Yes Yes Yes Yes
36 107 End Yes
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APPENDIX I: SOFTWARE

Appendix I

Software

Software controlled all components required for oligonucleotide syntheses in-
cluding the electronics, data acquisition, the synthesiser, micrometer movements
and measurements, and reaction chamber movement and sealing. The software
was written using a graphical user interface language (Labview). The full software
programme is too long to reprint here, but the following selected pages show

brief block diagrams of the important parts.
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APPENDIX J: CURRENT MEASUREMENTS

Appendix ]

Current Measurements

The electronics and software systems were designed to allow current measure-
ment at each of the microelectrodes during each electrochemical deprotection
step. Throughout the course of this work, over 3,000 current profiles were col-
lected during syntheses. Often, the profiles proved useful in diagnosing circuit or
microelectrode faults, or ensuring accuracy of synthesis.

The current data presented in Chapter 2 and Chapter 3 was obtained di-
rectly from spreadsheet data collected by sampling each microelectrode at 50 Hz.
In addition, the software program output all electrode current profiles to a printer
immediately following each run for quick checks of system integrity. The follow-
ing pages show a few examples of the generated current profiles. For each of the
relevant results as discussed in the body of the thesis, current data was obtained

from current profiles similar to those shown here.
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