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ELECTROCHEMICAL TREATMENT OF
SURFACES

This application is a continuation of now abandoned
application Ser. No. 08/325.337, filed Dec. 9. 1994 now
abandoned. which is a 371 of PCT/GB93/00857, filed Apr.
23, 1993, published as W(93/22480, Nov. 11, 1993.

INTRODUCTION AND SUMMARY OF
INVENTION

The ability to make devices with patterns of specific
materials printed on the surface has transformed the manu-
facture of electronic and electrical components, and the
discovery of new materials such as semiconductors has
made possible devices for a wide range of applications. The
properties of a device depend on the nature and the pattern
of the materials on the surface and much research goes into
devising new materials and new methods of fabrication. in
order to improve production of existing devices and to
develop devices with novel applications.

In one aspect, the invention provides a2 method of treating
a region of a surface, which method comprises providing an
electrolyte overlying the surface. an electrode adjacent the
region of the surface to be treated and in contact with the
electrolyte and a counter-electrode, and altering the potential
of the electrode so as to deposit or remove or chemically
modify a substance on the surface at the region adjacent the
electrode, wherein the surface to be modified does not form
either the electrode or the counter-electrode.

In another aspect the invention provides an array of
electrodes, suitable for use in the stated method, comprising
a block of insulating material having a surface, and deposits
of electrically conducting material spaced apart in an array
on the surface, each deposit being provided with electrical
connecting means for altering its potential. Preferably the
deposits of electrically conducting material are in the form
of parallel-lines spaced apart by no more than 0.5 mm.

Preferably an array of electrodes is used to treat several
regions of the surface simultaneously, and one or more of the
electrodes of the array may be used as counter-electrodes.
For the purpose of performing several electrochemical treat-
ments in sequence, the electrodes of the array are preferably
connected up so that each treatment is performed by altering
the potential of a chosen set of one or more of the electrodes
of the array.

Altering the potential of an electrode generally results in
the generation of a reagent at the surface of the electrode.
This reagent may itself be deposited on the surface. Or it
may react with some other species, in the electrolyte or on
the surface, so as to deposit or chemically modify a sub-
stance on the surface. For example, altering the potential of
an electrode may generate an acid which removes an acid
labile protecting group from a substance on the surface.

The method described in this specification thus provides
a convenient alternative to existing methods for modifying
surfaces in local areas. It uses the chemical reactions which
occur at the surface of an electrode immersed in a solution
of electrolyte. Substances which come into contact with the
anode or cathode may be modified by electrochemical
reactions. These reactions have been studied over many
decades and are now well understood. In the most direct
application to patterning a surface the electrode would be
placed in direct contact with the surface to be modified and
current applied; molecules in the surface which contact the
electrode would be subject to clectrochemical reaction.
Alternatively, the radicals and fons generated in the imme-
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diate vicinity of an electrode, either those generated by
primary electrolysis, or secondary products generated by
interaction of the primary products with the solvent or
solutes, may react with an adjacent surface. The location,
size and shape of the area that is modified on the surface are
determined by the dimensions and position of the electrodes.
By contrast with existing methods which use electrochemi-
cal processes for electrodeposition or etching, it should be
noted that the present method does not require that the
surface to be modified forms one of the electrodes, so that
the method can be applied to non-conducting materials.
Advantages of the Invention

Electrochemical patterning has a range of applications
and potential for automation which give it advantages over
many existing methods. The most commonly used method
for making small devices is photolithography. In this
method, the surface is first coated with a light-sensitive
resist, exposed through a mask and the pattern is revealed by
etching away the exposed or the unexposed resist and.
subsequently, a surface layer. A separate mask must be made
for each pattern. There are problems in controlling the
etching reaction and in registering masks between each step.
Electrolytic patterning can be carried out using a permanent
array of independently switched electrodes. An unlimited
range of patterns can be created from a dense array of point
electrodes, and as will be shown, many complex patterns can
be made from a simple array of linear electrodes. Methods
for the fabrication of such arrays and circuitry to control the
switching are already available. Different shapes can be
produced from the same array at different stages in the
fabrication by simply switching a different pattern of elec-
trodes without the need to move the array, eliminating the
problem of registration. Different effects can be achieved by
altering the composition of the electrolyte, the potential
applied to the electrodes, and the duration of the electrolytic
pulse, giving the method a versatility not found in alterna-
tives. It would also allow for reproducible production of
many identical components from the same tool.

Processes for making small devices must be able to render
fine detail. The electrolytic method has high resolution and
definition; diffusion of the electrode products is limited by
barriers created by the electric field, so that the action of the
agents is confined to the region of the surface which is
directly opposite the electrode which generates them. The
resolution is limited by the size of the electrodes. Current
technology could make individunal electrodes of sub-micron
size, arranged in arrays with electrodes at spacings of a few
microns.

The range of reagents that can be produced electrochemi-
cally includes radicals, radical ions, acids and bases of any
strength. Thus a wide range of chemical modifications can
be envisaged; for example oxidations and reductions, acid
and base catalysed reactions, polymer formation, chemical
etching etc. The method may therefore open up possibilities
which are difficult or impossible using existing technology.
In particular it may be useful for the fabrication of devices
carrying arrays of complex chemical substances made by
stepwise synthesis, for example chemical sensors; and for
the fabrication of hybrid devices, for example, solid state
devices which combine on a single surface, sensor mol-
ecules and circuitry to measure interactions between sensors
and ligands. The fine regulation that can be applied to the
electrolytic current provides a degree of control over reac-
tions which is difficult to achieve using conventional
reagents and will be an aid to complex fabrication.

As compared with alternatives, the method is simple and
versatile, and lends itself readily to automation.
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More Detailed Consideration of Some Features of
the Method

1. Controlling the Extent of Reaction

The amount of a reagent that is generated at the surface to
be modified can be controlled in several different ways. In
the examples described below it was regulated by altering
the voltage applied to the electrodes. The concentration of
protons generated at the anode depended on the anode
current; the extent of reaction depended on this concentra-
tion and the time for which the ions were kept in contact with
the surface. An alternative is to apply voltage to the elec-
trodes until the component ions of the electrolyte have
completely separated; in this case, the concentration of
reagent generated at the electrode depends on the initial
concentration of ions and the total amount of reagent per unit
area depends on the depth of liquid between the electrode
and the surface to be modified. The extent of reaction on the
surface can be limited by the concentration and thickness of
the film of electrolyte.

The most powerful way of regulating the extent of reac-
tion exploits the circuitry which is a necessary component of
the system. The electrolytic process and the changes to the
reactive surface modify the electrical properties of the
system. These changes can be monitored and the informa-
tion used to modulate the voltage or to switch off the current
at the end point.

2. Confining the Area Affected by Electrical Caging of
Tons

If significant time is needed for the reagent to interact with
the surface, it is desirable to prevent the reagent from
diffusing away. Ions can be held in place by applying a low
potential, sufficient to counteract diffusion but not enough to
generate significant amounts of new reagent. This principle
has been tested by generating acid at anodes using the
method described in the second example. The electrode
array was placed against a strip of pH indicator paper. Short
pulses of high potential produced faint lines of acid
response; long periods of low potential produced no acid
response; a short pulse of high potential followed by a longer
period at low potential produced a strong acid response in a
sharp line; a longer pulse of high potential produced a
broader band of acid.

3. Controlling Side Reactions

Electrolysis often produces a discharge of gases at the
electrodes and clearly the release of bubbles could present
problems as they would stir the reagents away from the gap
between the electrode and the reaction site. However, in the
physical embodiment envisaged the amount of gas is small
because the film of electrolyte is only a few micrometers
thick. In the experiment described in the second example
below, there was no visible formation of bubbles during the
short pulses of applied potential or during the period when
the ions were caged at low potential. Any gas that did come
out of solution must have formed microscopically small
bubbles under the conditions used.

Other undesirable side reactions could include the forma-
tion of radicals in reactions where acids or bases are called
for. These may be removed by including radical scavengers.
Any undesirable generation of acid or base, which may
occur for example when the desired reagent is an oxidising
or reducing agent. can be prevented by choosing an elec-
trolyte which produces weak acid or base, such as those used
in pH buffers.

BRIEF DESCRIPTION OF THE DRAWINGS

Reference is directed to the accompanying drawings in
which:
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FIG. 1 is a diagram showing a protocol for building an
array of all 256 tetranucleotides.

FIGS. 2a) and 2b) show an array of electrodes for use in
this invention.

FIG. 2c) is an enlargement of the region circled in 25),
showing ions generated at the anodes and cathodes.

FIG. 24) is a further enlargement showing acid deprotec-
tion induced in contact with the anode.

FIG. 3 is a graph of radioactive counts against Pixel
position (88 um spacing).

Example applications

Novel Devices Camrying Complex Patterns of
Chemicals

It is envisaged that electrolytic patterning will find many
and diverse applications. As an illustration of the potential in
one field, the following section describes a generic set of
applications—the fabrication of small devices with many
different chemical compounds tethered to the surface. Such
devices have potential in chemical and biochemical analyses
which measure interactions between specific ligands and test
substances. Examples are enzymes with their substrates,
antibodies with antigens, drugs with their target receptors,
and nucleic acids with oligonucleotides.

For many applications, it is desirable to compare the
interactions of large numbers of ligands of related structure,
for example peptides or oligonucleotides of different
sequence, ar drugs with different modifications to a basic
structure. Large numbers of analyses arc time consuming if
carried out one at a time, and moreover, it is difficult to
compare reactions done at different times as conditions may
vary. These problems are removed if multiple ligands are
synthesised on a single surface as they can then be reacted
simultaneously with the test substance and analysed
together. We have demonstrated the power of this approach
by synthesising thousands of oligonucleotides on the surface
of a glass plate, hybridising radioactive nucleic acids to
them, and analysing the pattern of interactions by autorad-
iography or phosphorimaging. Such large numbers of
analyses, which would take many months of work using
conventional methods, can be carried out in a day using a
matrix of ligands and parallel processing, and have allowed
us to carry out wide ranging analyses of the interactions
between oligonucleotides (Maskos and Southern, 1992a and
1992b).

At the present time there is a need for methods of nucleic
acid sequence analysis which can be automated so that they
can be applied on a large scale (Hunkapiller et al., 1991).
Devices carrying complete sets of all sequences oligonucle-
otides of a given length can be used in sequence analysis. If
a nucleic acid molecule is hybridised to such a set, it is
possible in principle to determine its sequence, by overlap-
ping those oligonucleotides which give a positive signal.
Several authors have considered the theoretical basis of this
process (Drmanac and Crkvenjakov, 1987; Bains and Smith,
1988; Lysov et al. 1988; Southern, 1988; (Drmanac et al.
1989; Khrapko et al., 1989; Bains, 1991). The length of
sequence that can be analysed by a complete set of oligo-
nucleotides of a given length is approximately the square
root of the number of oligonucleotides in the set.
Octanucleotides, of which there are 65, 536, may be useful
in the range up to 200 bases (Lysov et al., 1988; Khrapko et
al., 1989; Pevzner, 1989; Maskos, 1991); and
decanucleotides, of which there are more than a million,
may analyse up to a kilobase. Despite intensive effort it has
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proved difficult to fabricate arrays with such large numbers
of oligonucleotides.

A method has been developed for synthesising. oligo-
nucleotides in situ using a linker which leaves them
covalently attached to the surface of a glass plate and
available for hybridisation (Maskos, 1991; Southern and
Maskos, 1988), and so the problem to be solved is one of
carrying out syntheses in small confined areas. The synthesis
of an oligonucleotide is a cyclic process consisting of a
coupling step in which a monomer unit for one of the four
bases is added to the growing chain. A protecting group is
then removed from the 5'-hydroxyl group which becomes
available for the addition of the next monomer unit. Differ-
ent sequences can be made in different regions of a surface
by confining the reagent during the coupling step or during
deprotection. One approach that has been suggested is to
print masks over the surface with patterns specific to each
coupling or deprotection step (Southern, 1988). A second
starts by making small patches of activated polyacrylamide
gel on a glass surface; presynthesised oligonucleotides are
attached by applying them to the gel by micromanipulation
(Khrapko et al., 1989 and 1991); patches 30x30 pm can be
made in this way but it is an extremely slow and difficult
process and it is unlikely that large numbers could be made
in this way. A third has been to use photolabile protecting
groups which are subsequently removed by illuminating the
surface through a patterned mask (Fodor et al., 1991)
patches ca. 5050 pm can be treated, but the protecting
groups are not very labile and it has not proved possible to
make oligonucleotides longer than trimers by this method,
though it has been more successful in making oligopeptides.
The largest arrays that have been made comprise 4096
oligonucleotides on a surface 200200 mm (Maskos, 1991).
These were made using templates clamped against the
surface to form channels through which reagents were
passed to irrigate the surface in lines 3 mm wide. Arrays
representing all sequences can be built by this procedure
using a protocol which applies nucleotide precursors to the
surface of the plate in rows and columns; the logic of the
procedure is similar to the familiar way of writing the triplet
code in which all 64 triplets can be represented just once in
16 rows and four columns. A protocol that could be used to
build an array of all 256 tetranucleotides is shown in FIG. 1.
This process can be continued to any chosen depth, to
produce a two dimensional array of all oligonucleotides of
any length in which each oligonucleotide sequence occurs
only once. If all four bases are used, 45 oligonucleotides of
length s are synthesised in s steps, applying the nucleotide
precursars in v4%2 rows and columns. Other shapes than
stripes can be used to make complete sets of oligomers. The
same effect could be achieved by nesting quadrants inside
squares that decreased in area fourfold at each step.

Referring to FIG. 1, the sequences of four bases in each
of the 256 boxes represent a complete set of tetranucleotides.
These can be made by applying the base specific precursors
in rows and columns. To make this set by the imrigation
method, the four bases are first applied in narrow channels
in the order A,C.G.T,A,C. .. as indicated. After deprotection
of the 5-hydroxyl by treating the whole plate with acid, the
channels are turned through 90° and the precursors applied
in the same order. The process is continued in the third and
fourth cycles but now the width of the channels is increased
to embrace four of the narrower channels.

The protocol can be adapted for electrolytic processing.
The device would comprise a set of 16 Pt strips, each
switchable between an anode or a cathode. The array would
be placed against the derivatised plate and anode current

10

15

25

35

45

50

55

65

6

applied to the ‘A’ channels. This would deprotect the linker
in the 1st, Sth, 9th and 13th columns, The electrolyte would
be replaced by the precursor for A. After coupling. electro-
1yte would be introduced and lines 2, 6, 10 and 14 switched
to anodes, followed by coupling with C. These would be
followed by similar steps for coupling G and T to their
columns. A second cycle with the electrodes turned through
90° would produce an array comprising 16 copies of all 16
dinucleotides. The third and fourth bases would be added by
a similar process in which A was coupled in the first four
columns and rows, C in the second group of four, and so on,
to produce an array of all 256 tetranucleotides. Larger sets
of longer oligonucleotides can be produced by expanding
the groups of lines by a factor of four at each cycle.

A device carrying all octanucleotides made by the existing
irrigation procedure would be an unwieldy 750x750 mm.
Electrolytic deprotection can produce much smaller cells, as
illustrated by the following experiment.

EXAMPLE 1

A standard glass microscope slide was derivatised with an
aliphatic linker bearing a primary hydroxyl group at the end
of a 20 atom aliphatic chain. A 5'-dimethoxytritylthymidine-
H-phosphonate was attached to this hydroxyl by a standard
synthetic step (Frochler et al., 1986). over the whole surface
of the slide. The slide was immersed in a solution of
triethylammonium sulphate in acetonitrile (1% v/v sulphuric
acid, 3% v/v triethylamine). A “V” section platinum anode
was placed across the slide with the sharp edge resting
against the derivatised surface. The cathode was a platinum
wire held 10 mm above the anode and parallel to it. Voltage
varying from 0.15 to 5 V/mm was applied in pulses between
the electrodes for periods varying from 1 to 60 seconds.
After each pulse the electrodes were moved along the slide
to a new location. Removal of the dimethyoxytrityl groups
by the acid generated at the anode exposed Shydroxyls on
the thymidines which were reacted with (1-'*C) acetic
anhydride. The slide was exposed to a PhosphorImager
screen. The scan showed fine lines of radioactivity running
across the slide where the anode had made contact. The
intensity of the lines increased with applied voltage, reach-
ing a maximum at 4 V/mm for 1 sec. The peak intensity
corresponded to that measured on a control slide which had
been treated with dichloroacetic acid under standard condi-
tions for removing the dimethoxytrityl group. The width of
the stripes was less than 0.5 mm.

In addition to achieving the desired result of narrow
stripes, this example illustrates one advantage of the fine
control that electrochemical generation of reagents makes
possible, which in this case could lead to much faster
reaction cycles. Acid deprotection of dimethoxytrityl groups
takes 100 seconds using conventional chemistry; the reac-
tion is carried out slowly because of the difficulty of timing
the necessary change of solutions accurately. By contrast, it
is easy to apply precisely regulated current in very short
pulses and the corresponding electrolytic deprotection was
complete in one second.

To make a complete array of oligonucleotides of every
possible sequence using the simple protocol described in the
caption to FIG. 1, it would be an advantage to be able to have
an array of linear electrodes permanently in place; the order
of coupling different bases would be determined by switch-
ing the appropriate line in sequence.

The following example demonstrates such a device and
illustrates some of its important features.

EXAMPLE 2

The surface of a glass microscope slide was derivatised
with an aliphatic chain bearing a primary and secondary






