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in question. For these applications, it will often be useful to
construct microarrays (or other form of diagnostic sensor)
composed of multiple electrochemical enzyme or antigen
detectors, each communicating with the outside world
through an electrode network that allows the electrical signal
from a particular detection element to be analyzed by
outside instrumentation. Such a multiple element sensor,
ideally activated by single drop of fluid from a clinical
sample, would allow the status of the sample in question to
be almost instantly assessed. This would allow healthcare
personnel to almost instantly assess the clinical status of a
patient (e.g. risk of sepsis or septic shock, angiogenic
potential of a tumor while the patient is still on an operating
table, etc.), and take immediate action as appropriate.

Experimental:

Preparation of Apoglucose Oxidase Conjugated Micro­
beads, Antibody Conjugated microbeads, and Protease Sub­
strate Conjugated Microbeads:

[0150] Apoglucose oxidase conjugated microbeads: Apo­
glucose oxidase can be prepared by a number of methods.
One of the more modem, and particularly favored, methods
is according to the methods of Heiss et. al. (Dip-and-read
test strips for the determination of trinitrotoluene (TNT) in
drinking water; Carola Heiss, Michael G. Weller, Reinhard
Niessner: Analytica Chimica Acta 396 (1999) 309-316).
Briefly, The FAD groups from Glucose oxidase (Aspergillus
niger, Sigma-Aldrich Corporation) can removed by dissolv­
ing the Glucose oxidase in a CHAPS, 30% glycerol, HCL/
glycine buffer at pH 1.5. The apoglucose oxidase can then be
separated from the unbound FAD groups by gel chromatog­
raphy in Toyopearl HW-50 F columns in 30% glycerol, 70%
HCL/glycine buffer at pH 1.5. Residual FAD groups can be
removed by suspending the colunm eluate directly into a 38
mg/ml suspension of stirred charcoal, and then readjusting
the pH to 7.0 to avoid protein denaturation. Residual char­
coal is removed by centrifugation, and the supernatant
filtered through a 0.2 urn polysulfone filter to remove
remaining aggregates.

[0151] The apoglucose oxidase solution should then be
immediately desalted by running the supernatant through a
Chemcon spin-OUTTM-6000 micro chromatography column
equilibrated in 0.1 M sodium phosphate buffer, pH 7.0. The
eluate from this colunm should then be immediately coupled
to 1.0 micron diameter carboxyl modified latex microbeads
(Bangs Labs) by carbodiimide coupling, following the mate­
rials and procedures contained in Polysciences PolyLink
Protein Coupling Kit #644. After coupling, reaction quench­
ing, and washing according to the Polysciences protocol, the
apoglucose coupled latex microbeads are spun down in a
microfuge, and resuspended in a 1.5M trehalose, 5 mg/ml
BSA, PBS buffer for storage. Ideally apoglucose oxidase
preparation and the bead coupling reaction should be done
on the same day to reduce the level of formation of
unwanted apoglucose oxidase aggregates.

[0152] Antibody conjugated microbeads: Monoclonal
antibodies against the target analyte of interest can usually
be obtained from many different commercial sources. These
are typically then put into 0.1 M phosphate buffer, pH 7.0 by
dialysis or microcolunm separation and suspended at a
concentration of about I mg protein per ml of buffer. These
can then be conjugated onto 1.0 micron COOH latex micro­
spheres (Bangs Labs) by carbodiimide coupling between the
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carboxyl groups on the surface of the microbead and the
primary amines on the protein of interest using the same
PolyLink-Protein Coupling Kit for COOH Microparticles
(PolySciences, Inc., Warrington Pa.) discussed previously.

[0153] Protease test substrate conjugated microbeads: The
protease test substrate peptide of interest (typically a throm­
bin substrate peptide) is built up on small (micron diameter)
resin microbeads using standard Fmoc solid phase peptide
synthesis techniques. (Fmoc Solid Phase Peptide Synthesis,
A practical approach, W. Chan and P. White editors, Oxford
University Press, New York, 2000). After the desired test
substrate peptide, which usually will contain a spacer region
both before and after the actual substrate region itself to
facilitate steric access to enable the protease of interest to
later cleave the desired peptide, is constructed, the N ter­
minal blocking group is removed, and a FAD (or other
apoenzyme prosthetic group) is placed on the N terminal end
of the microbead bound protease substrate peptide using the
FAD-peptide conjugation methods discussed below.

FAD-Peptide Conjugation Methods:

[0154] N6-aminohexyl-flavin adenine dinucleotide can be
synthesized according to the methods of Morris et. al.
(Morris D L, Ellis P B, Carrico R J, et al. Flavin adenine
dinucleotide as a label in homogeneous colorimetric immu­
noassays. Anal Chern 53, 658-665 (1981)).

[0155] FAD can be coupled to peptides and proteins by the
methods of Schroeder et. al. (Schroeder H R, Dean C L,
Johnson P K, Morris D L, Hurtle R L.; Coupling amino­
hexyl-FAD to proteins with dimethyladipimidate. Clin.
Chern. 1985 September; 31(9):1432-7; and Morris D L,
Buckler R T. Colorimetric immunoassays using flavin
adenine dinucleotide as label. Methods Enzymol. 1983; 92:
413-25.). Briefly N6-aminohexyl-flavin adenine dinucle­
otide is activated with dimethyladipimidate, run through a
Sephadex G-IO gel filtration colunm in 20 mM NaHC03

buffer to remove unbound imidate, and then incubated with
the target protein. If the target protein in question is a
protease test substrate peptide bound to a microbead, after
conjugation, the now FAD conjugated protease test substrate
peptide-microbead complex can then be washed by
repeated centrifugation and resuspension. If the target mol­
ecule in question is a soluble protein antigen (such as the
analyte for an immunoassay) the conjugated target proteins
(reagent antigens) can be purified by a second gel separation
column in Sephadex G-25 in 100 mM phosphate buffer, pH
7.0 (which separates the unbound FAD-imidate from the
FAD conjugated protein).

Porous Electrode Methods:

[0156] Porous carbon electrodes (Torayca Carbon paper
TGP-H-120) can be obtained from Toray Industries Corpo­
ration, Japan, through a US distributor (FueICellStore.com,
Boulder Colo.). This material is a loose meshwork of
connected electrically conducting carbon fibers, and has a
structure similar to loose weave filter paper, with large
(approximately 50 micron) holes and voids in-between the
various thin and interconnected carbon filaments. This mate­
rial is produced in various thicknesses. One exemplary grade
(TGP-H-120) is 0.37 mm thick, has an in-plane electrical
resistance of about 4.7 mega ohms per centimeter, is 78%
porous, and has a bulk density of 0.45 grams per cubic
centimeter. It is highly permeable, and allows passage of gas
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at a level of (1500 ml gas*mm)/(cm2 *hour*mmAq). Thin­
ner grades of this material are also available, and may be
appropriate when use of lower volumes of analyte sample is
desired. The carbon paper is hydrophobic, and can be
rendered hydrophilic by various methods including plasma
oxidation, or by pretreatment with appropriate surfactants
such as an aqueous solution of 0.1 mg/ml tyloxapol (which
is a gentle surfactant that, in low concentrations, does not
lyse red cell membranes).

[0157] Note that other workers have found that the effi­
ciency of carbon paper electrodes can be improved by
additionally growing carbon nanotubes on the carbon paper
base, or by adding additional conducting microparticles to
the carbon paper base. Such methods are highly compatible
with the apoglucose oxidase reconstitution methods
described in this disclosure, as the nanotubes or conducting
particles increase the available electrode surface area, and
thus increase electron transfer efficiency.

[0158] Electron transport mediator: Although, depending
upon the particular configuration, almost any type of elec­
tron transport mediator may be used for the present inven­
tion, methylene blue has certain advantages for the porous
carbon paper-microbead electrode configurations
described here. Methylene blue (Calbiochem Corporation,
San Diego, Calif.) is an electron transport mediator with
good solubility in water, and thus is available in relatively
high concentrations in order to shuttle electrons over the
comparatively large (up to several microns) distance
between the microbead bound glucose oxidase, and the
carbon electrode surface of the porous Toray carbon paper
electrode. Methylene blue is also inexpensive, known to be
compatible with glucose biosensors, relatively non-toxic,
and readily available.

Test Strip Production Methods:

[0159] For immunoassays, the antibody conjugated micro­
spheres can be bound to the FAD (or other prosthetic group)
conjugated reagent antigen complex by incubating the
microspheres with the FAD conjugated reagent antigen for
30 minutes, followed by washing 3x by centrifugation and
resuspension before use to in order to remove unbound
FAD-reagent antigen conjugates.

[0160] All microspheres should be reconstituted (sepa­
rately) in a solution of about 1% microspheres, 50 mM
phosphate buffer pH 7.0, 0.1 M NaCI, 1.5 M trehalose (to
stabilize the apoglucose oxidase), 5 mg/ml protease free
bovine serum albumin, 10 mg/ml Polyvinyl alcohol, 0.1
mg/ml Methylene blue, 0.1 mg/ml tyloxapol (to help dis­
perse the microspheres, and also help improve solubility), 50
mM Glucose (enzyme substrate for the reconstituted glucose
oxidase).

[0161] To reduce the amount of microsphere aggregation,
microsphere solutions should be sonicated briefly, and then
immediately applied to the porous carbon paper using a low
volume micro airbrush, such as an Iwata HP-A airbrush.
Depending upon the specifics of the experiment, various
deposition patterns can be used. In one configuration, a first
coating of apoglucose oxidase microspheres is applied, the
carbon paper dried using a hot air dryer, and then a second
coating of antibody microspheres containing the bound
FAD-reagent antigen groups is then applied, immediately
followed by drying using a hot air dryer. In other configu-
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rations, the separation between the apoglucose oxidase
microspheres and the antibody microspheres can be
increased by coating one side of the carbon paper with the
apoglucose oxidase microspheres, air drying, and then coat­
ing the other side of the carbon paper with the antibody
microspheres, followed by rapid air drying. In a third
configuration, unconjugated spacer microspheres may be
used. Here the apoglucose oxidase microspheres are applied
and air-dried. The spacer microspheres are then lightly
applied, and air-dried. Finally the antibody conjugated
microspheres (or peptide substrate microspheres are then
applied).

[0162] For immunoassays, no further test chemistry is
required. For coagulation assays, such as prothrombin time
tests, coagulation initiators such as thromboplastin and
calcium are required. If suitable coagulation neutral micro­
beads and electron transport mediators are provided per the
methods of Zweig, (U.S. Pat. No. 5,580,744), then the
thromboplastin and calcium can be applied to the porous
carbon matrix itself, and all steps of the reaction proceed
inside the electrode matrix.

[0163] In some cases, such as when the porous electrode,
thrombin substrate, apoenzyme, and electron transport
mediators are not entirely coagulation neutral, it may be
advantageous to begin at least the initial phases of the
coagulation reaction immediately outside the porous elec­
trode, and allow the coagulation proteases, such as throm­
bin, to diffuse into the porous electrode, where they may
then be detected. In this later situation, the porous electrode
will often be mounted on one side of the test strip chamber,
thromboplastin and calcium placed in a different part of the
test strip, and small amounts ofwhole blood allowed to flow
into the test strip chamber by capillary action. The blood or
plasma first contacts the thromboplastin, starts the coagula­
tion process, and produces soluble coagulation factors,
which then migrate into the electrode where the reaction can
be detected.

[0164] After impregnation with the appropriate reaction
chemistry, the carbon paper electrodes can then be affixed to
larger and more mechanically robust electrically conducting
surfaces, usually on plastic supports, suitable for relaying
the signal to appropriate instrumentation. These conductors
are typically vitreous carbon electrodes, carbon paste coated
plastic, and silver-silver chloride electrode coated plastic
supports. Binding to the porous electrode can be done using
various conducting adhesives, such as the conducting adhe­
sives used to adhere materials to electrodes for scanning
electron microscopy purposes, which are provide by Struc­
ture Probe, Inc (SPI), West Chester, Pa. This includes, SPI
Conductive Carbon Paint; SPI LEIT-CTM Conductive Car­
bon Cement and Thinner; and SPI Supplies® Brand Con­
ductive Double Sided Carbon Adhesive Tape.

[0165] Other electrically conducting traces and electrode
components are available from other vendors. For example,
silver-carbon screen-printing paste C70709D14, and refer­
ence electrode silver-silver chloride polymer paste
C61003D7 may be obtained from Gwent Electronic Mate­
rials Ltd., Pontypool, UK. This reference silver/silver-chlo­
ride paste is a mixture of fine (roughly 10 micron sized)
silver and silver-chloride particles present in a roughly 60%
silver, 40% silver chloride ratio. These particles are held in
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TABLE I

[0173] The net result is to create a sandwich structure of
the type:

[0177] The sensitivity of this assay to increasing levels of
rabbit IgG can be seen by the increasing amonnt of current
as a function of time and concentration of analyte (rabbit
IgG) in the applied sample.

Experiment 2:

[0178] Coagulation experiment using thrombin substrate
microbeads and porous electrodes. Depending upon the
details of the coagulation assay or protease assay in ques-

the same buffer by repeated microcentrifugation, and then
resuspended to the original I% concentration.

[0172] To add the top layer to the sandwich, the FAD­
conjugated monoclonal mouse anti rabbit IgG should then
be added to these washed microbeads to a final concentra­
tion of 0.2 mg/ml of antibody, and allowed to bind for I
hour. The beads should be washed 3x in phosphate buffer,
and resuspended in the 1.5M Trehalose buffer at a 1%
suspension.

15 nA
354 nA
1.9 uA

2 minutes

9nA
97 nA
1.2 uA

1 minute

Reaction time

anA
23 nA

107 nA

10 seconds

ImmwlOchemical assay

Concentration of

rabbit IgG

a ug/ml IgG
1 ug/ml IgG

10 ug/ml IgG

[Bead]-(Anti-rabbit IgG) (rabbit IgG) (Anti-rabbit
IgG)-FAD

in which the FAD-conjugated anti-rabbit IgG monoclonal
antibody binds to the rabbit IgG, which in turn binds to the
anti-rabbit IgG coupled to the beads.

[0174] These beads should be deposited using an airbrush
on porous Toray carbon paper electrodes, along with the
apoglucose oxidase microbeads, as described previously.
This electrode then should be mounted on a solid support
containing leader electrodes using the conductive adhesives
described previously.

[0175] A plastic cover should be laminated on top of the
porous carbon electrode-support layer with a 10-30 mil
thick plastic spacer, creating a lower support, porous carbon
electrode, upper plastic support structure as shown in FIG.
8.

[0176] The test strip is attached to the electrochemistry
measuring apparatus. When challenged with 0.1 M Phos­
phate buffered saline at pH 7.0 containing various amonnts
of rabbit IgG, the liquid sample flows into the hollow
chamber by capillary action, where the rabbit IgG in the
sample displaces some of the bound FAD conjugated mono­
clonal mouse anti rabbit IgG from the bound beads. These
free FAD-antibodies bind to the apoglucose oxidase in the
neighboring beads, creating active glucose oxidase. The
resulting electrochemical reaction can then be detected.
Monitoring the change in current at a 0.5 v applied potential
can do this. Typical results from this type of study are shown
in table I below.

a polymeric binder support. The electrode formed from this
material acts as a standard silver chloride reference electrode
for the reaction.

[0166] The various plastic support layers, containing the
transfer electrodes, can then be laminated together with an
additional 10 mil (0.254 mm) to 30 mil thick spacer layer to
result in a sandwich electrode with 10 mmxlO mm sized
electrode surface area, and an internal volume of about 10 ul
to 30 ul. This is shown in FIG. 8. Note that the electrodes on
surfaces (8) and (1) all face the interior of the cavity.

[0167] Both two electrode and three electrode (using a
Ag-Ag---CI reference electrode) designs are possible with
this configuration. In general, three electrode designs incor­
porating a reference electrode, although more expensive and
difficult to produce, are preferred due to their higher sensi­
tivity and accuracy.

Electrochemical Sensing Methods

[0168] The electrochemical activity of the electrodes can
be assessed with a series of linearly variant patterns of
potential versus time sweeps (Cunningham, "Introduction to
Biolanalytical Sensors", Wiley Interscience, 1998 p 207­
259). One low cost device that functions well, with an
optional external amplifier to bring up weak signals, is an
IBM EC/225 Voltammetric Analyzer (IBM corporation).
Because the reconstituted apoenzyme electrodes generate a
comparatively weak signal (relative to standard glucose
electrodes), more sensitive potentiostats, such as a Bioana­
Iytical Systems LC-4B amperometric detector, with sensi­
tivity to current that extends down into the picoamp range,
can also be used. The offset voltages that are used typically
vary according to the choice of electron transport mediator,
but typically are about 0.5 V for methylene blue. The output
from these devices can then be either manually recorded, or
stored in a computer file as desired.

Experiment I:

[0169] Immunochemistry experiment using antibody con­
jugated beads and a porous electrode. This experiment
exemplifies the use of indirect "sandwich" immnnoassays by
constructing an apoenzyme electrochemical immunoassay
sensitive to rabbit IgG. To do this, I-micron COOH micro­
beads should be conjugated with a first monoclonal antibody
directed against rabbit IgG, using previously described
methods. A second mouse monoclonal antibody, directed
against a different epitope on rabbit IgG, should be conju­
gated with FAD, again using previously described methods.

[0170] The desired detection complex is somewhat like a
sandwich with the bead-capture antibody (here the bead
antibody is a first anti-rabbit IgG antibody) forming the first
layer, the antigen (here rabbit IgG is used as the antigen)
forming the middle layer, and the FAD-conjugated anti­
antigen antibody (here a second anti-rabbit IgG antibody
that binds to a different epitope on rabbit IgG) forming the
top layer. This structure is built up in stages, and the beads
are washed in-between each stage. First the middle layer is
added to the first layer, and then the top layer is added to the
middle layer and lower layer.

[0171] Purified rabbit IgG should be suspended 0.1 M
Phosphate buffered saline, pH 7.0, at a concentration of 0.1
mg/ml, and incubated with a I% solution of the mouse-anti­
rabbit IgG conjugated microbeads for I hour, washed 3x in
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tion, many different suitable FAD-(test substrate peptide)­
Anchor configurations are possible. In the specific example
where the protease (proteolytic enzyme) is thrombin, a
FAD-(thrombin test substrate)-anchor is desired, and the
anchor is chosen to be a solid phase peptide synthesis bead,
it will often be advantageous to include amino acid leader
sequences on either side of the thrombin recognition and
cleavage region. These leader sequences are designed to
allow thrombin to get better steric access to the test substrate
region, and minimize the interfering effects of both the FAD
and bead on the ability of thrombin to cleave the thrombin
test substrate region.

[0179] Such leader groups should thus be designed to
promote steric access (allow the protease to physically reach
the desired test substrate peptide), but otherwise not interfere
with the reaction. Although usually some experimentation
(computer modeling and/or direct synthesis of candidates)
will be required to find the optimum leader combination,
such leader sequences can typically be found by using the
amino acid sequence that naturally brackets the protease
cleavage site in the natural form of the protease substrate.
For example, in the case of a coagulation assay, where it is
desired to produce a thrombin test substrate analogous to the
natural thrombin substrate region on human fibrinogen (see
Hughes et. a!., Biochemistry 2004,43,5246-5255, table I),
the thrombin test substrate site can be the natural fibrinogen
(P3, P2, PI) sequence "G V R" (using the one letter amino
acid code), bracketed on the N terminal (P6, P5, P4) side by
the naturally occurring leader "E G G", and bracketed on the
C terminal (PI', P2', P3') side by the naturally occurring
leader "G P R". The resulting finished FAD-(peptide sub­
strate)-Anchor will then be:

[FAD]-(E G G)-G V R-(G P R)-[peptide synthesis
bead]

[0180] The apoenzyme FAD prosthetic group is [FAD],
the thrombin cleavage (test substrate) site is shown under­
lined (GVR), and cleavage by thrombin produces the prod­
ucts:

[FAD]-(EGGGVR) and GPR-[peptide synthesis bead].

[0181] After thrombin cleavage, the FAD-peptide group
is now liberated from the peptide synthesis bead, and is now
free to diffuse over to nearby apoglucose oxidase apoen­
zymes and create active glucose oxidase.

[0182] In this experiment, FAD-EGGGVRGPR-beads can
be created by Fmoc solid phase synthesis and FAD conju­
gation, suspended in the same Trehalose buffer described
previously, and deposited using an air brush on the same
porous Toray carbon paper electrodes along with the apo­
glucose oxidase microbeads as described previously. This
electrode is then mounted on a solid support containing
leader electrodes using the conductive adhesives described
previously.

[0183] In the example where a prothrombin time coagu­
lation test is desired, a coagulation initiator, such as a
thromboplastin---calcium solution, is made up and a small
(approximately 10-30 ul drop) of this solution is applied to
a plastic cover. Suitable thromboplastin---calcium solutions
include Dade-Behring thromboplastin C plus, Dade Innovin,
Biomerieux Simplastin, and others. This thromboplastin
solution is allowed to dry, creating a plastic cover with a
dried thromboplastin-calcium pellet attached. This plastic
cover is then laminated on top of the porous carbon elec-
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trode-support layer with a 10-30 mil thick plastic spacer,
creating a lower support, porous carbon electrode, throm­
boplastin pellet, upper plastic support structure as shown in
FIG. 8.

[0184] In use, the test strip is normally maintained at a
constant physiological temperature, such as 37° c., in order
to improve test accuracy. The test strip is attached to the
electrochemistry measuring apparatus. When challenged
with plasma or whole blood, the sample flows into the
hollow chamber by capillary action, where it rehydrates the
dry thromboplastin, activating the prothrombin time coagu­
lation cascade. Thrombin, generated by the coagulation
cascade, migrates into the porous carbon electrode, where it
cleaves the FAD-(thrombin test substrate)-bead complex,
liberating free FAD. This in tum reactivates the apoglucose
oxidase, and the resulting electrochemical reaction can be
detected. When used with a slow acting thromboplastin such
as Dade Innovin, and the change in current at a 0.5 V applied
potential is monitored, results such as table II (below) can be
obtained.

TABLE II

Prothrombin time assay signal generation

Reaction time

Sample type 30 seconds 1 minute 2 minutes

INR 1 control 2 nA 31 nA 97 nA
plasma
INR 3 control 3 nA 3 nA 35 nA
plasma

[0185] Note that the INR I control plasma, which has a
high level of coagulation factors and reacts relatively
quickly, produces a significant signal by I minute of reac­
tion. By contrast, the INR 3 control plasma, which has a
lower level of coagulation factors and reacts much slower,
takes 2 minutes to start to produce an electrochemical signal
that is significantly above the background.

Other Applications:

[0186] The apoenzyme reactivation electrochemical tech­
niques of this disclosure can also be combined with the
disclosures of copending U.S. patent application Ser. Nos.
10/233,908, 10/308,411, and 10/885,429 to produce a vari­
ety ofother novel and useful assays. For example, the ability
ofthe present assay to discriminate between various types of
hydrolase enzymes can be enhanced by using the steric
restrictor concepts disclosed in copending application Ser.
No. 10/233,908 (incorporated herein by reference) to make
the substrates shown in FIG. 1 (8), (18) more specific for
particular types of hydrolase enzymes (9), (19). Thus the
electrochemical detection methods of the present disclosure
may be combined with the specific enzyme microarray
concepts ofSer. No. 10/233,908 to produce enzyme microar­
rays that are capable of simultaneously analyzing many
enzymes at the same time from a sample, and reporting the
results electronically via many different apoenzyme reacti­
vation based electrodes incorporated into the microarray
surface.

[0187] An example ofthis type ofenzymatic microarray is
shown in FIG. 9. FIG. 9 shows an example of a two-element
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electrochemical microarray, designed to be sensitive to the
activity of either a first proteolytic enzyme, a second pro­
teolytic enzyme, or both proteolytic enzymes. In this
example, assume that the microarray has been constructed
according to Ser. No. 10/233,908 and the present disclosure,
and then has been exposed to a sample containing only an
active second proteolytic enzyme (10). As previously dis­
cussed at length in copending application Ser. No. 10/233,
908, incorporated herein by reference, such enzymatic
microarrays, particularly microarrays composed of
enhanced specificity test substrates using the steric restrictor
concepts ofSer. No. 10/233,908, are potentially quite useful
for analyzing clinical samples containing complex enzyme
mixtures including angiogenesis assays, sepsis assays, and
other types of samples.

[0188] In this diagram, apoenzymes (1, 31) are mounted or
otherwise associated with the surface of two different elec­
trodes (50, 51) mounted on solid support (5). Apoenzymes
(1, 31) contain a binding site for a prosthetic group (2) (in
the case of apoenzyme (31), as will be discussed; this site
has been recently filled by the prosthetic group 36). Apoen­
zymes (1, 31) additionally contain amplification substrate­
binding sites (3) (and the area immediately behind (33)). for
the electrical enzyme amplification substrate (4, 34). In this
example, amplification substrate (4, 34) would be glucose.
Note that in the apoenzyme form of the enzyme, amplifi­
cation substrate-binding site (3) will be in an inactive
conformation.

[0189] In this example, the device had originally con­
tained the FAD apoenzyme prosthetic group (7) and (36)
bound to surface (5) by way of protease peptides (test
substrates) (8, 18) and optional supports (9, 19). Surface (5)
and optional supports (9, 19) had originally made it steri­
cally infeasible for prosthetic groups (7 and 36) to bind to
prosthetic group binding sites of apoenzymes (1 and 31).
Protease peptide (8) contained a peptide region that serves as
a test substrate to a first proteolytic test enzyme (not shown).
Support (19) had originally contained a peptide test substrate
(18) to second proteolytic test enzyme (10). However in this
example, since the second proteolytic test enzyme (10) was
present in the sample, it has specifically cleaved peptide test
substrate (18), and as a result, the prosthetic group (36)
which was originally bound to surface (5) by support (19)
was free to diffuse and bind to the prosthetic group binding
site of electrochemical apoenzyme 31. As a result, apoen­
zyme 31 has been reactivated, and now converts electro­
chemical enzyme amplification substrate (34) into reaction
product (44) producing electrons (40), which react with
electrode (51). Thus the fact that the sample contained a
second test protease reactive with peptide (18) and did not
contain a first test protease reactive with peptide (8) can be
determined by measuring the electrical signal produced by
electrodes (50) and (51).

[0190] Immunochemical devices using genetic hybrid
antibody-apoenzyme proteins.

[0191] In some cases, it may be particularly advantageous
to produce electrochemical antigen detection devices using
hybrid antibody-apoenzyme proteins produced by genetic
engineering methods. Here one or more combination
(hybrid) electrochemical apoenzyme-antibody genes are
constructed containing the gene of the electrically active
enzyme coupled to one or more appropriate antibody immu-
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noglobulin heavy or light chain genes. This hybrid gene can
then be inserted into an antibody producing cell, virus (e.g.
phage display technique), or animal, or alternatively used in
a purely chemical antibody synthetic method. Ifthe resulting
fusion protein is an electrochemically active antibody-en­
zyme hybrid protein containing the electrochemical
enzyme's prosthetic group, then this prosthetic group can be
removed, converting the electrochemical enzyme into an
apoenzyme, using the methods described previously.

[0192] Generally it will be advantageous to incorporate
the hybrid antibody-apoenzyme genes into phages, and
produce large number of variant versions of the hybrid
antibody molecule, directed against different test antigens of
interest, using phage display methods. Phage display meth­
ods, such as the methods disclosed in U.S. Pat. Nos.,
5,223,409; 5,403,484; 5,571,698; 5,837,5001 6,660,843;
etc.; are particularly advantageous because billions of alter­
nate hybrid antibody-apoenzyme molecules can be rapidly
produced and screened for both proper binding to the
antigen of interest, and screened for proper function of the
electrically active enzyme portion of the hybrid antibody.
Those phages that produce hybrid electrically active anti­
bodies with the desired characteristics can then be rapidly
scaled-up to produce large quantities of desired hybrid
antibody.

[0193] The resulting hybrid electrically active antibodies
both react to antigen, and can be easily manipulated to
produce an electrical response when the antibody binds to
the antigen. These hybrid antibodies are particularly useful
for constructing simplified electrochemical antigen detector
devices.

[0194] Methods to produce electrically active antibody­
enzyme hybrids:

[0195] Electrically active enzyme genes, such as the glu­
cose oxidase gene, have previously been successfully
genetically hybridized to antibody heavy chain genes, and
the resulting protein has been active as both an enzyme and
as an antibody. (Sznyol, Soet, Tuyl et. a!. "Bactericidal
effects of a fusion protein of Llama Heavy-Chain antibodies
coupled to glucose oxidase in oral bacteria", Antimicrobial
agents and chemotherapy September 2004, p 3390-3395,
2004.). Such coupling methods, or equivalent methods, are
generally suitable for the present invention.

[0196] Such recombinant antibody-apoenzyme fusion
proteins could be useful in a number of different types of
electrochemical immunoassays. FIG. 10 shows a single-use
sandwich immunoassay constructed using hybrid antibody­
apoenzyme reagents. This sandwich immunoassay generally
works according to the scheme previously described in FIG.
6. The main difference is that in FIG. 6, the apoenzyme (4),
(14) contains a reagent form of the antigen (9), (19) chemi­
cally coupled to apoenzyme (4), (14), and this reagent form
of the antigen (9), (19) reversibly binds to reagent antibody
(7), (17) in the absence of test antigens (11). However
binding of test antigens (11) displaces the apoenzyme (4),
(14) from the reagent antibody, and this mobile apoenzyme
can now diffuse (15) to a nearby electrode associated pros­
thetic group (1), (12), (21). The prosthetic group (21)
reactivates the apoenzyme (24). The now reactivated
enzyme converts amplification substrate (39) to product (40)
producing an electrical signal (41), which is detected by
electrode (32).
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[0197] By contrast, in FIG. 10, hybrid antibody-apoen­
zyme (97)+(104) binds to a first epitope (99) of the reagent
antigen, and a second reagent antibody (107), attached to
support (108, 118) binds to a second epitope (98) on the
reagent antigen. This forms a sandwich that prevents the
apoenzyme portion of (104) of the hybrid antibody-apoen­
zyme molecule from diffusing over to the prosthetic group
(101) mounted by a spacer (103) (which may be an electri­
cally conducting "wired enzyme" spacer) on or near elec­
trode (102). The apoenzyme portion of the hybrid molecule
(104) is inactive because there is no prosthetic group in the
apoenzyme's prosthetic group binding site (106).

[0198] When test antigens (111) are added to the detector,
these compete for binding between the antigen binding sites
on the hybrid antibody-apoenzyme (114)+(197) and the
tethered test antigen (198). The hybrid antibody-apoenzyme
is displaced from the tethered test antigen (198) and it now
can migrate (115) and bind to the nearby tethered apoen­
zyme prosthetic group (112) mounted on or near electrode
(122). The tethered prosthetic group reactivates the apoen­
zyme, and the reactivated enzyme then converts amplifica­
tion substrate (not shown) to product, producing an electri­
cal signal using essentially the same scheme previously
discussed in FIG. 6.

[0199] For some applications, it may be desirable to
combine the present hybrid antibody-apoenzyme teaching
with the tethered-ligand teachings of copending application
Ser. No. 10/308,411, incorporated herein by reference, to
produce a reusable immunoassay, an immunochemical
microarray, or a multi-analyte antigen detection device. For
these applications, it is often preferable if the enzyme
portion of the antibody-enzyme hybrid is a mutant form that
binds the enzyme's prosthetic group with lower affinity than
the normal (wild type) form of the enzyme. This is because
for reusable tethered-ligand immunoassays, it is important
that the binding of the antibody to its corresponding antigen
be of higher affinity than the apoenzyme's binding to the
apoenzyme's prosthetic group. A number of such low affin­
ity prosthetic group binding apoenzymes have been
described in the literature. (See for example, Yamada, Inbe,
Tanaka et. aI., "Mutant isolation of Escherichia coli Quino­
protein Glucose Dehydrogenase and analysis of critical
residues Asp-730 and His 775 for its function" J BioI Chern,
Vol. 273, Issue 34, 22021-22027, Aug. 21, 1998.) Yamada
describes a number of glucose dehydrogenase mutants
(H775R and H775A) with low affinity for their prosthetic
group, pyrroloquinoline quinine (PQQ). Low affinity pros­
thetic group binding mutants such as these are preferred for
tethered-ligand immunoassays.

[0200] In still other applications, it may be useful to screen
for mutant electrical enzyme gene antibody combinations
where the enzyme portion of the hybrid has an activity that
is sensitive to the binding or non-binding of antigen to the
antibody portion of the hybrid. Such a reusable electro­
chemical immunoassay is shown in FIG. 11. Here a hybrid
antibody-apoenzyme molecule composed of an antibody
portion (1) and an apoenzyme portion (2) is counected to a
solid support (3) by the type of long hydrophilic tethers
previously described in Ser. No. 10/308,411 (4). The solid
support (3) additionally contains a reagent antigen (5)
coupled to solid support (3) by an optional tether (6).

[0201] The solid support additionally contains an elec­
trode (7), and an apoenzyme prosthetic group or reactivation
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molecule (8) connected to the support by optional tether (9).
Often this optional tether may be an electrical conducting
tether, capable of transmitting electrons directly from the
prosthetic group (8) to electrode (7). If the affinity of
apoenzyme (2) for its prosthetic group (8) is lower than the
affinity of antibody (1) to its tethered antigen (5), then the
hybrid antibody-apoenzyme molecule will spend the major­
ity of its time tethered to antigen (5). The apoenzyme (2) will
be in an inactive form and will not generate an electrochemi­
cal signal.

[0202] However when excess test antigens (20) are added,
these compete for the antigen binding sites on antibody (1),
(21). The antibody portion of the hybrid molecule detaches
from tethered antigen (25). The hybrid molecule then has a
much higher probability of binding to the bound prosthetic
group (8) (28). As a result, the hybrid molecule now asso­
ciates with the bound prosthetic group. The apoenzyme
becomes reactivated, and converts its amplification substrate
(not shown) to product, producing an electrochemical signal,
which is detected by the electrode (7), (27).

[0203] Note that because the hybrid antibody-apoenzyme
(1), (2), (21) is connected to the support (3), (13), by a
flexible tether (4), (14), the test device may be washed or
flushed with fresh reaction buffer (normally containing salts,
a pH control buffer, and sufficient quantities of the ampli­
fication substrate for the electrically active enzyme to pro­
vide an adequate electrochemical signal for the next assay).
Thus this device may be reused multiple times. An addi­
tional advantage is that because the hybrid antibody-apoen­
zyme and test antigen are tethered to the solid support (3),
(13), and thus have a limited ability to diffuse to other areas
of the device, many such detection elements may be placed
onto a single support in close proximity, creating a microar­
ray or multiple analyte detector capable of analyzing a large
number of different test antigens at the same time. In some
cases, it may be desirable to incorporate the device into the
flow cell devices previously described in Ser. No. 10/308,
411.

Invasive Diagnostic Devices

[0204] In other cases, it may be desirable to incorporate
these tethered immunochemical detectors into invasive diag­
nostic elements designed to be incorporated into the body of
a human or animal. This is possible because essentially all
of the essential test components are tethered to a solid
surface. The missing test ingredients-a regeneration buffer
and a resuply ofamplification substrate for the electrochemi­
cally active enzyme, will often be supplied by natural
physiological process in the human or animals blood circu­
lation or interstitial fluid. Thus the diagnostic test elements
may be incorporated into the end of a catheter, implantable
electrode, surgical tool, incorporated into a small implant­
able chip, or some other invasive mechanism.

[0205] If an implantable chip configuration is desired, the
chip may be designed with supplemental onboard electron­
ics to transduce the electrochemical signal into an analog or
digital signal suitable for transmission outside the body.
Such a signal may be transmitted over the short distance
between inside and outside the body by a variety ofmethods,
including light, infrared, or radiofrequency signals. If
supplemental electrical power is needed to drive the device,
the device's onboard electronics can be designed to draw
power from an internal battery, from radiofrequency signals,
magnetic coupling (induction) signals, or other means.
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[0206] Implantable immunosensors would enable con­
tinual real time monitoring of multiple medical analytes at
once, and would be suitable for many applications. In
addition to monitoring for diabetes and blood circulation
disorders, such implantable sensors would be well suited for
monitoring sepsis or septic shock in at-risk patients, cardio­
vascular or kidney failure, and many other common, inten­
sive care, medical antigen analytes.

[0207] In an alternative approach, the reusable detectors
may be placed on a surgical tool designed for temporary
placement into a human or animal during the course of an
operation. Such invasive surgical tools may consist of
human or robotic driven probes designed for either open site
operations, or endoscopic (minimally invasive) small-inci­
sion surgery. Using these techniques, the probability of a
surgical site to undergo thrombosis, or metastatic or angio­
genic status of a tumor, etc., may be rapidly assessed. Here
the signals from the detector electrodes can be relayed
outside the body by either direct electrical contact (i.e.
electrical wires), or through radiofrequency, light, infiared,
sonic, or vibration means.

[0208] When operation inside the body is desired, the
detectors should preferably be mounted on a biocompatible
surface, and may additionally contain additional elements
such as a porous covering (e.g. dialysis membrane, porous
meshwork, hydrogel covering, etc.) designed to prolong
sensor life, and retard detector biofouling.

[0209] When operation of a single use or limited lifetime
use detector inside the body is desired, (either immu­
nochemical or enzyme sensors) it may also be useful to
protect the detector from initial contact with body fluids via
an electrically or mechanically operated covering. One
example of such an electrically operated covering is a small
pore covered with a thin layer ofmetal or other material that,
in response to a small electrical current, ruptures or opens,
allowing the detector element to become exposed to body
fluids. Using this technique, multiple single-use detectors
can be mounted onto a biosensor or surgical tool, and
progressively used to monitor analytes on an as-needed
basis.

[0210] Note that although use of genetic antibody-enzyme
hybrids has certain advantages, the above techniques may
also be used with conventional antibody based immu­
nochemical diagnostic devices, such as those discussed in
FIGS. 2, 4, 6 of this disclosure and previously in Ser. No.
11/059,841. Alternatively the hybrid antibodies discussed in
FIGS. 10 and 11 of this disclosure may be produced by
chemical (non genetic) protein conjugation techniques, as
described in more detail in application Ser. No. 10/308,411.

1: An electrochemical detection device for detecting the
activity ofone or more hydrolase analyte enzymes in a liquid
sample, said device comprising;

at least one electrode containing an apoenzyme or other­
wise inactive form of an electrochemical enzyme that,
in the active form, would produce an electrochemical
change in at least one of said electrodes in response to
an electrochemical enzyme substrate;

an apoenzyme cofactor, prosthetic group or other activa­
tion moiety that converts the inactive form of said
electrochemical enzyme to an active form;
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said cofactor, prosthetic group or activation moiety being
present in the form ofat least one complex that contains
at least one target substrate which is cleaved by at least
one of said hydrolase analyte enzymes;

said complexes being incapable of activating the apoen­
zyme or otherwise inactive form of said electrochemi­
cal enzyme when said target substrate is not cleaved;

wherein at least one of said hydrolase analyte enzymes
cleaves at lest one of said target substrates, enabling
said cofactor, prosthetic group or said activation moiety
to activate said apoenzyme or said inactive form of said
electrochemical enzyme;

resulting in a detectable electrochemical change in at least
one of said electrodes.

2: The device of claim I, in which said electrochemical
apoenzyme is glucose oxidase, and the complex contains
FAD as the prosthetic group or activation moiety.

3: The device of claim I, in which said hydrolase analyte
enzyme is in a liquid sample and comprises an active or
inactive form of a protease, and said complex contains a
protease target substrate, wherein the protease activity of
said sample cleaves said target substrate, liberating said
cofactor, prosthetic group or said activation moiety from
said complex, resulting in activation of said electrochemical
apoenzyme, and a change in the electrochemical status of
said electrode.

4: The device of claim I, in which the hydrolase analyte
enzyme is selected from the group consisting of proteases
(EC-3.4), esterases (EC-3.1), and glycosylases (EC-3.2).

5: The device of claim I, in which said complex is on a
surface that is spatially separated from the region of the
apparatus where the apoenzyme or inactive form of said
electrochemical enzyme is located.

6: The device of claim I, in which said hydrolase analyte
enzyme induced changes in the activity of said electro­
chemical apoenzyme is selected from the group consisting
of enzyme cofactor addition, prosthetic group addition,
allosteric regulator binding, covalent enzyme modification,
or proteolytic cleavage.

7: The device of claim I, in which one or more of the
hydrolase analyte enzyme target substrates are enzyme
target substrates for enzymes selected from the group con­
sisting of clinical markers for coagulation, angiogenesis,
inflammation, sepsis, cardiovascular status, kidney disease,
kidney injury, cancer and ischemia.

8: The device ofclaim I, in which the device is in the form
of a disposable test strip, and in which the test strip contains
integral means for producing heat to keep the device at a
constant temperature during the reaction.

9: The detection device of claim I, mounted on an
invasive device selected from the group consisting of sur­
gical tools, catheters, implantable electrodes, implantable
chips, and implantable biosensors, in which the detection
device is initially protected from body fluids by a removable
covering.

10: The device of claim I, in which the protease analyte
enzyme is a coagulation pathway protease, the target sub­
strate that is cleaved by said protease analyte enzyme is the
peptide substrate to the coagulation pathway protease, and in
which the device additionally contains chemical means to
trigger the formation of one or more coagulation pathways
in said liquid sample.
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11: The device of claim 10, in which the protease analyte
enzyme is thrombin, the target substrate which is cleaved by
thrombin is a thrombin substrate, and the chemical means to
trigger the formation of one or more coagulation pathways
in said liquid sample comprise thromboplastin or another
coagulation factor VII activating substance.

12: An immunochemical detector device for performing
immunoassays for one or more test antigens, said detector
comprising:

one or more electrodes;

one or more hybrid antibodies formed from the protein
produced by a recombinant fusion hybrid between an
antibody immunoglobulin gene and the gene for an
electrically active enzyme;

the enzyme protein portion of said hybrid antibodies
being present in an apoenzyme or otherwise enzymati­
cally inactive form;

in which said apoenzyme portion or said inactive form of
said hybrid antibodies, in the active form, would pro­
duce an electrochemical change in said electrode in
response to an amplification substrate to the electrically
active enzyme portion of the hybrid antibody;

said device additionally containing an apoenzyme cofac­
tor, prosthetic group, or other activation moiety that
converts the enzymatically inactive form of said hybrid
antibody to an enzymatically active form;

said hybrid antibody or said cofactor or activation moiety
being present in the form of a complex that changes its
structure due to interactions with a test antigen in a test
sample;

wherein said test antigen induces changes in said com­
plex, enabling said cofactor, prosthetic group or said
activation moiety to activate said enzymatically inac­
tive hybrid antibody, resulting in a detectable electro­
chemical change in one or more of said electrodes.

13: The immunochemical detector device of claim 12, in
which said gene for said electrically active enzyme is a gene
for a mutant form of said electrically active enzyme with an
affinity for the enzyme's cofactor or prosthetic group that is
lower than that of the wild type gene's affinity for the
enzyme's cofactor or prosthetic group.

14: The immunochemical detector device of claim 12, in
which said one or more of said hybrid antibodies are
produced by phage display technology using recombinant
genes composed of fused antibody immunoglobulin genes
and electrically active enzyme genes.

15: The immunochemical detector device of claim 12, in
which the test antigen is selected from the group consisting
of markers for sepsis, angiogenesis, pregnancy, ovulation,
cardiovascular status, infectious disease, drugs of abuse,
therapeutic drugs, kidney disease, ischemia, coagulation and
cancer diagnostics.

16: The immunochemical detector device of claim 12, in
which the test antigen is selected from the group of con­
sisting of markers for calcitonin, procalcitonin, c-reactive
protein, endogenous activated protein C, tumor necrosis
factor, interleukin-6, interleukin 10, endotoxin, lipopolysa­
charide binding protein, pro-atrial natriuretic peptide, C
difficile, Hepatitis, HIY, influenza, legionelly, pneumonia,
RSY, strep, syphilis, early pregnancy factor, human chori-
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onic gonadotropin, luteinising hormone, amphetamines, bar­
biturates, benzodiazepines, cocaine, methamphetamines,
opiates, phencyclidine, THC, trycyclic antidepressants,
acetaminophen, carbamazepine, phenyloin, theophylline,
drotrecogin alfa, tissue plasminogen activator, cystantin C,
neutrophil gelatinase-associated lipocalin, interleukin-18,
kidney injury molecule-I, proatrialnatriuretic peptide,
d-dimer, troponin I, CKMB, myoglobin, nt Pro BNP,
ischemia modified albumin, myeloperoxidase, S-100 beta,
and prostate specific antigen.

17: The immunochemical detector device of claim 12,
mounted on a device selected from the group consisting of
surgical tools, catheters, implantable electrodes, implantable
chips, and implantable biosensors.

18: The immunochemical detector device of claim 12,
mounted on an implantable biosensor, in which the biosen­
sor contains electronic means to transmit signals from said
detector outside the body, said means selected from the
group consisting of radiofrequency signals, light signals,
infrared signals, sonic signals, and vibration signals.

19: A method for detecting the activity of one or more
hydrolase analyte enzymes in a liquid sample, said method
comprising;

obtaining a device comprising at lease one electrode
containing an apoenzyme or otherwise inactive form of
an electrochemical enzyme that, in the active form,
would produce an electrochemical change in at least
one of said electrodes in response to an electrochemical
enzyme substrate;

an apoenzyme cofactor, prosthetic group or other activa­
tion moiety that converts the inactive form of said
electrochemical enzyme to an active form;

said cofactor, prosthetic group or activation moiety being
present in the form of at least one complex that that
contains at least one target substrate which is cleaved
by at least one of said hydrolase analyte enzymes;

said complex being incapable of activating the apoen­
zyme or otherwise inactive form of said electrochemi­
cal enzyme when said target substrate is not cleaved;

wherein at least one of said hydrolase analyte enzyme
cleaves at least one of said target substrates, enabling
said cofactor, prosthetic group or said activation moiety
to activate said apoenzyme or said inactive form of said
electrochemical enzyme; resulting in a detectable elec­
trochemical change in at least one of said electrodes;

in which one or more hydrolase analyte enzymes is added
to the device, the electrochemical status of various
device electrodes is assessed, and the relative activity
of the various hydrolase analyte enzymes present in the
sample is determined.

20: The method of claim 19, used to analyze the status of
a coagulation pathway, in which the protease analyte
enzyme is a coagulation pathway protease, the target sub­
strate which is cleaved by said protease analyte enzyme is
the peptide substrate to the coagulation pathway protease,
and in which the device additionally contains chemical
means to trigger the formation of one or more coagulation
pathways in said liquid sample.

* * * * *


