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A method of detection of a species in which
the formation of a species-related complex (3, 4, 5)
causes displacement of an electrically conductive fluid
(29) from a measuring zone (20) and the resultant
change in the electrical impedance measured in said
zone via electrodes (7 and 8) is used to determine
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4, 5) is created on the substrate in or adjacent to the
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BIOLOGICAL SPECIES DETECTION METHOD AND
BIOSENSOR THEREFOR

Background of the Invention

1. Field of the Invention

This invention relates to a method and apparatus for
the conductimetric determination of biological species (in

particular antibodies and antigens) .

2. Description of the Related Art

The immunological detection of antibodies or antigens
is well known and documented, examples being ELISA and latex
agglutination based test kits. In many tests an enzyme is
linked to an antibody and subsequent reaction of this enzyme
with a suitable substrate results in a colour development.
In other examples immunological biosensors have been
constructed where the enzyme produces an electrochemically
éctive species and these have been demonstrated to work. To
date, however, only the colour-based systems have been

commercially successful

GB-A-2204700 discloses a sensor for chemical species
which uses conductance changes in channels of molecular
dimensions. EP-A-0342382 discloses an enzyme linked
immunoassay wherein conductance change is a result of enzyme

activity causing electrode coating.

US-A-3799743 is concerned with lysis responsive lipid
bilayers in which a binding reaction at the bilayer surface
changes the structure and increases conductance. US-A-
4191739 measures particle size distribution with a resistive
pulse method as particles pass through a hole but is not
concerned with changes in solution impedance due to partial

plugging of the hole.

Summary of the Invention
According to one aspect of the invention there is
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provided a method of detection of a species in which the
formation of a species-related complex causes displacement
of an electrically conductive fluid from a measuring zone
and the resultant change in an electrical parameter measured
in said zone is used to determine the presence of such a
complex which is characterised in that the measuring zone is
associated with at least one recess 1in an electrically
insulating substrate and the complex is created on the

substrate in or adjacent to the at least one recess.

By wusing the present invention, no enzymes are
required. Antibodies may be linked to particles such as
latex beads to provide mobile antibody-coated particles of
appropriate size. These antibody-coated particles in turn
can bind to antibody or antibody-antigen complexes which are
bound (e.g. to the inside or edge of a hole of suitable
dimension in an appropriate base material, typically a

plastic). Thus, when the artefact under test is immersed in

a conducting fluid containing antibody-coated particles, and
an electric field, which may be alternating, is generated
between two electrodes (e.g. across a hole in a substrate)
the impedance can be measured. When the coated particles
become bound to the inside or edge of a hole, fluid is
displaced with subsequent increase in the impedance across
the hole. In this aspect the operation of a biosensor
according to the invention is similar to that of a Coulter
Counter in which the passage of a microbe through a small
aperture results in a transient impedance change. Unlike
the Coulter Counter, however, the aperture in a biosensor
according to the present invention is antibody coated
resulting in a permanent impedance change on binding of the
analyte the permanence of the change being acceptable
because the sensor is disposable after use. Furthermore,
since antibody-coated beads may be used, very small target
molecules can be detected by the same technique since the
volume exclusion is effected by the coated particles which
become attached to the analyte. The change in impedance is
a measure of the particle-antibody complex with 1its
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corresponding binding site on the antigen (which may be
another antibody). A gquantitative measure can be made
because as more latex bead-antibody complexes bind, the
impedance will continue to change. Many holes can be
combined to increase the range of the signal or be used as
references to eliminate adverse effects of the environment
or sample. Furthermore the internal dimensions and the
areal density of holes can be optimised in a biosensor
according to the invention to produce the best signal to

noise ratio.

The binding event can be assisted by causing the fluid
to flow through a hole or increasing the rate of mass
transfer across the surface of a hole. Fluid can be caused
to flow through a hole by suction or by use of an absorbent
pad attached to one surface of the plate containing the
hole. Similarly, the use of a filter can be used to ensure
the reagents are kept in close proximity with holes and not

‘lost to a bulk test solution.

If the target analyte is itself of sufficient size, for
example a micro-organism, it may not be necessary to use
particle linked antibodies. In this instance antigenic
groups on the surface of the organism can cause the organism
to bind to antibodies on the surface of the hole and
sufficient fluid can be displaced to effect an impedance

change.

If a test solution is caused to flow, for example
through a hole or by stirring, then antibodies may be
attached to a suitable member, which may be movable, for
example a rod or cone. The movable member may be placed in
the flowing test solution that contains the antigen of
interest where they can bind to the antibodies attached to
the member. A second antibody attached to a particle may be
introduced to the flow if the antigen is not large enough to
displace a suitable volume of liquid. An electric field can
then be applied and the impedance changes measured. The
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member may move in and out of the field to assist in the
measurement or complex formation or to unblock the hole if
one is used. (cf. Questor, Difco. UK). To quantify the
measurement secured with a biosensor according to this
invention an initial impedance value prior to antigen
attachment can be measured. Alternatively a reference
movable member and electric field can be used to assess

changes in resistance.

The roles of antibody and antigen can also be reversed.
For example the antigen may be absorbed to the inner surface
of the hole to build a system to detect the presence of

specific antibodies.

In a further aspect of the invention, no through hole
is needed and an electrochemical reaction at a micro-
electrode can be used to observe the antibody-antigen
binding event. 1In this aspect the binding of antibodies to

antigens result in obstruction of the electrode surface and

can be probed using a suitable electrochemically active

species.

In a variation of this mode of operation stripping
voltammetry can be used as the method of detection. Thus,
for example, an electrochemically active labelled antigen
can be displaced from a surface bound antibody by a target
antigen in competitive immunoassay and made to concentrate
at an electrode. The electrode can, for example, be covered
with an ion-permeable (e.g. BAFION) film into which the
redox labelled species is allowed to concentrate for some
time before being determined by either oxidation or
reduction. In this way it is possible to capitalise on the
sensitivity of electrochemical pre-concentration techniques
in combination with the selectivity of an immunoassay
method. In a preferred embodiment, the electrode would
comprise a microelectrode array formed in an insulating
layer onto which the redox labelled antigen-antibody

conjugate would be bound. This configuration maximises the
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efficiency of capture of the labelled antibody by the
electrode. The same configuration could be used if the
antigen were labelled with a strongly adsorbing redox
species. Displacement of this molecule in the vicinity of
the electrode would result in adsorption onto the electrode.
Subsequent electrochemical detection of the adsorbed species
could then be used to determine the concentration of the

original unlabelled antigen.

In a similar configuration, the antigen label need not
be redox active, only appropriately charged. If the
electrode were to be covered with a suitable material, such
as an organic gel, the labelled antigen will partition and
concentrate into this material and can then be determined by
charge transfer on polarisation of the interface between the
electrode covering material and the analyte solution.

A highly sensitive version of the stripping voltammetry

methodology involves the use of antibody coated particles of

a metal chosen because it can be readily determined by
stripping voltammetry. Numerous configurations for such a
method are clearly possible. One example is as follows:
One antibody to the analyte of interest is bound to a sensor
surface and the sensor is then immersed in a sample solution
to which metal particles coated with a second antibody to
the analyte have been added. 1In this way, if analyte is
present in the sample, the metal particles become attached
to the sensor via sandwich formation and their presence can
be subsequently determined by stripping voltammetry, either
directly or after dissolution. In the latter case the
dissolution of the metal can be effected either chemically
(e.g. by acidification) or by electrochemical generation of
an oxidant (e.g. a more noble metal).

Brief Description of the Drawings
Specific embodiments of the invention will now be
described, by way of examples, with reference to the

accompanying drawings, in which:
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Figures 1 and 1A show a single hole arrangement of
biosensor, respectively, in schematic cross-section and

isometric view,

Figure 2 shows a multiple hole arrangement of biosensor

in schematic cross-section,
Figure 3 shows a multiple hole arrangement in plan,

Figures 4 and 4A show arrangements of antibodies and

antigens,

Figure 5 shows an alternative arrangement for

immobilising antibodies,

Figure 6 shows a simple circuit for the measurement of

resistance,

Figure 7 shows a simple arrangement where only one

antibody is used,

Figure 8 shows an arrangement where a hole is not

required,

Figures 9 and SA show an arrangement consisting of many
holes in an insulator on the surfaces of which field

generating electrodes have been deposited,

Figure 10 shows an arrangement where a multi-analyte

array is used,

Figures 11 and 11A show 1in plan and section,

respectively, an alternative to the use of round holes,

Figure 12 and 122 show i1in plan and section,
respectively, an arrangement in which an array of small
holes are used to focus the field,
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Figures 13 and 13A show two arrangements where the bulk
of the fluid does not pass through the holes but passes in
a highly turbulent manner across the surface of the senéor,

Figure 14 shows an arrangement where antibodies are
coated onto or in the vicinity of at least one micro-

electrode,

Figure 15 shows an arrangement in which a labelled
antigen 1is displaced by a target antigen close to one

electrode, and

Figure 16 shows a further arrangement utilising metal
particles trapped in the vicinity of a measuring

electrode.

Description of Preferred Embodiments

Referring to Figures 1 and 1A, a hole 19 is formed in
a plate of suitable electrically insulating material such as
plastic or glass 1. To the inside surface 2 and/or in the
vicinity of the hole 19 antibodies 3 are attached through
adsorption or by another method such as covalent bonding.
An electric field is generated across the hole 19 by
applying a potential difference between electrodes 7 and 8
in contact with a fluid 29 trapped between plates 9 and 10.
The impedance or admittance between these electrodes 7 and
8 measured via their feeding conductors 12, 11 is determined
over a sphere 20 of a diameter set by the size of the hole
19 extending outwards from the hole 19. The fluid 29
contains antibody-coated particles (e.g. latex beads 4)
which, in the presence of the appropriate antigen, are held
in place within the sphere 20 by antibody-antigen complexes
3, 4, 5 and 6 in the region of the hole 19. As these
complexes 3-6 displace electrolyte, the impedance measured
between the electrodes 7 and 8 1is altered since this
impedance includes the bore of the hole 19 and the complexes
contained therein. To ensure that binding takes place
within the influence of the sphere 20, the antibodies 3 are
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preferably attached to the inner surface 2 of the hole 19.

A multi-hole embodiment of biosensor is shown in
Figures 2, 9 and SA. Many holes 19 can be produced in the
base material 1. The bores of some of these holes 19 can be
coated with antibody 3. If the bore of a hole 19 is not
coated with antibody 3 it can act as a reference to
eliminate interferences from both a test solution and the
environment. The electrodes 7 and 8 can be formed on
surfaces 27 and 28 of the base material 1 in the form of a
printed circuit such as the example shown in plan in Figure
3 in which multiple electrodes 8, 13, 15, 17 are used to
allow the impedance within each hole 19 to be measured

independently.

Figure 4 shows the use of sandwich complexes to cause
the latex beads to be held within an appropriate part of the
electric field. Figure 4A shows the use of anti-antibodies,
for example rat antibodies 3 can be used on the inner
surface 2 and rabbit antibodies 5 to rat antibodies can be
attached to the particles 4. The rabbit antibodies 5 can
only bind to a rat antibody 3 if the antigen 6 has not
complexed with the corresponding rat antibody 3. In this
case a rise in impedance will indicate the absence of the

antigen 6.

Figure 5 shows an arrangement where antibodies can be
attached to a movable member 21 that may partly penetrate
into a hole 19. The liquid with the antigen 6 to be
measured can be sucked or forced through the hole 19. As
the fluid passes over the member 21 antigens 6 become
attached to the antibodies 3. Antibodies 5 attached to the
latex beads 4 are introduced and in turn attach to form
complexes 3, 4, 5 and 6. The impedance will increase if
antigen 6 is present but not otherwise. If the hole 19
becomes blocked, the member 21, since it is shaped like a
cone, can be moved into the hole to remove the blockage. A
reference cone can be included to assist in returning the
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movable cone to its original position.

Figure 6 shows a simple measuring circuit where the
electric field 20 is generated by a voltage source 23 via
the conductors 11 and 12 and the electrodes 7 and 8, a
voltmeter 24 determining the potential across the electrodes
and a sensitive current measuring device 25 measuring the
current flowing between the electrodes in parallel with 24.

Figure 7 shows an arrangement where no second antibody
5 or latex beads 4 are required. The antigen 26 used, for
example a micro-organism, is sufficiently large to displace
enough 1liquid, by itself, to cause a change in the

impedance.

Figure 8 shows an arrangement where no through-hole 19
is needed. The first antibody 3 can now be attached to the
outer surface 27 of the base material 1. An electric field
is generated between electrodes 7 and 8 as a hemisphere .20a
sited above the surface of a binding area 19a. As the
antigen-antibody-latex complexes 3, 4, 5, 6 form within the
hemisphere 20a the measured impedance between electrodes 7
and 8 changes. A cover 30 (e.g. which could be the integer
9 or 10) may be used to confine the hemispherical field 20a
and aid measurement. The cover 30 may be movable towards
or away from the base material 1 to allow greater access of

the antigen 6 to the bound antibody. 3.

Figures 9 and 9A show an arrangement of biosensor with
multiple holes 19. The electrodes 7 and 8 can be formed by
depositing a suitable conducting material, for example
carbon or gold, onto inner 28 and outer 27 surfaces of the
base material 1 and then the holes can be drilled through
the entire assembly. In this configuration the f£field
generating electrodes can be very close together so that the
impedance between the two electrodes is highly sensitive to
events taking place within the respective holes 19.
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Figure 10 shows, in cross-section, an arrangement where
antibodies to different antigens/analytes are attached to
individual holes 19. Each hole 1s adapted toc deteét a
particular antigenic species, the corresponding antibodies
5 and 33 being attached to the particles 4. If the antigens
6 and 31 are of sufficient size, for example micro-
organisms, then the second antibodies 5 and 33 attached to
the particles 4 will not be required. A device configured
in such a way would be capable of simultaneous determination

of several species.

Figures 11 and 11A show an arrangement of biosensor
where the holes 19 are not round and the first antibody 3 is
attached to a portion of the base material 1 which has holes

19 of various shapes adjacent to it.

Figures 12 and 12A show an arrangement of biosensor

where a matrix 34 of small holes 19 are used to focus the

electrical field. A first antibody 3 can be attached to the
surface 27 of the base material 1 in the regions that remain
adjacent to the matrix 34 of small holes.

Referring to Figures 13 and 13A, the fluid is made to
flow along one surface of the device beneath a cover 30 in
a manner such that a high mass transfer coefficient 1is
generated, greatly increasing the probability of the analyte
being captured. A specific advantage of this geometry is
that a high volume of liquid can be sampled with a high
probability of capturing a low concentration of species
without the need for time-consuming filtration. The
electrodes 7 and 8 coat the layer of base material 1 and a
bottom sheet 31 closes the measuring zone from below.

Referring to Figure 14, each hole 19 can be formed in
an insulating layer 1 on a conductor 7 to produce a micro-
electrode or micro-electrode array as described in
W091/08474. The antibody 3 can be bound to exposed areas of
the conductor 7 or to the insulating layer. Subsequent
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antigen complex 4, 5, 6 results in restricted diffusion,
within a diffusion hemisphere 20a, of an electrochemically
active marker species E and this restricted diffusion can be

sensed electrically as a change in impedance.

Referring to Figure 15, a labelled antigen 6a attached
to an antibody 3 is bound in close proximity to a micro-
electrode exposed through a hole 19 in a layer 42 overlaying
the electrode 7. The labelled antigen 6a is displaced by a
target ahtigen 6 and accumulates either on the electrode
surface 7 or, as illustrated, in a layer of film 8 covering
the electrode 7. The presence of the labelled antigen 6a
can then be determined electrochemically providing an
indication of the presence of the target antigen 6.

Referring to Figure 16, antibody-coated metal particles
4a become attached to surface bound antibodies 3 via
sandwich formation with a respective antigen 6 and held in
close proximity with an opening 19 formed in a layer 43
overlaying the electrode 7. The presence of metal is then
determined electrochemically either directly or via mediated
electron transfer using another electroactive species such
as an electrochemically generated oxidant layer 45
previously coated onto the electrode surface 7.

A convenient way to fabricate any of the above-
described apertured plates is by laser photoablation. (see
W091/08474) . Thick film deposition processes can be used in
the fabrication of biosensor devices according to this

invention.
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CLATIMS

1. A method of detection of a species in which the
formation of a species-related complex causes displacement
of an electrically conductive fluid from a measuring zone
and the resultant change in an electrical parameter measured
in said zone is used to determine the presence of such a
complex characterised in that the measuring =zone is
associated with at least one recess 1in an electrically
insulating substrate and the complex 1is created on the

substrate in or adjacent to the at least one recess.

2. A method according to claim 1, characterised in
that the or each recess 1is a hole and the fluid passes

through the at least one hole to aid formation of the

complex.

_ 3. A method according to claim 1 or claim 2,
characterised in that the complex is created on an antibody-
coated particle and the particle displaces fluid from the

measuring zone.

4. An immunological biosensor where the formation of
surface bound antibody/antigen complexes results in the
displacement of a conductive fluid in a measuring zone
defined by an electric field causing a permanent change in

the electrical impedance measured in said zcne.

5. An immunological biosensor as claimed in claim 4,
characterised in that the measuring zone includes at least
one hole in an electrically insulating base material, the
inner surface of the at least one hole being coated with

antibodies.

6. An immunological biosensor as claimed in claim 5,
characterised in that the electric field is generated across
at least one hole in a base material which is immersed in a
fluid.
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7. An immunological biosensor as claimed in claim 4,

5 or 6, characterised in that a second antibody is used and
attached to a suitable mobile particle.

8. An immunological biosensor as claimed in claim 5,
6 or 7, characterised in that many holes are provided in the

same base material.

9. An immunological biosensor as claimed in claim 8,
characterised in that some of the holes act as reference

holes.

10. An immunological biosensor as claimed in any one
of claims 5 to 8, characterised in that fluid passes through
the at least one hole to aid the formation of

antibody/antigen complexes.

11. An immunological biosensor as claimed in any one

of claims 5 to 8, characterised in that a suitable material

overlies the base material to entrap antibodies attached to

particles in the fluid.

12. An immunological biosensor as claimed in any one
of claims 4 to 11, characterised in that a first antibody is
attached to a cone or rod which can move in and out of the

electric field.

13. An immunological biosensor as claimed in claim 4
or claim 7, characterised in that the electric field is
generated across the surface of a substrate and electrolyte
is displaced by antigen/antibody complex formation causing
a change in measured impedance of the measuring zone.

14. An immunological biosensor as claimed in claim 10,
characterised in that a material is used on the underside of
the base material having properties to draw fluid through

the at least one hole.
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15. An immunological biosensor as claimed in any cne
of claims 4 to 14, characterised in that at least one hole
adjacent to the measuring zone is used to position the

electric field.

16. An immunological biosensor as claimed in claim 8
or claim 13, characterised in that different antibodies are
attached to different holes or recesses or regions adjacent

thereto to yield a multi-analyte test sensor.

17. An immunological biosensor as claimed in any of
claims 5, 6, 8, 9, 10 or 14 to 16, characterised in that the
hole(s) in the base material is/are made using laser

photoablation.

18. An immunological biosensor as claimed in claim 5,
8 or 15, characterised in that the electric field is focused

by a matrix of holes.

19. An immunological biosensor as claimed in claims 8,
11, 16 or 18, where means to enhance mass transfer is

provided to increase sensitivity.

20. An immunological biosensor as claimed in any
preceding claim, characterised in that the substrate is
fabricated by a thick film deposition process.

21. An immunological biosensor comprising a disposable
micro-electrode with at least one recess therein and with
antibodies attached in sufficient proximity to the at least
one recess that antigen binding can be observed as a
permanent change in steady state <current due to
electrochemical oxidation or reduction of an appropriate

marker species.
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