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isocitrate + NAD +——=>a-ketoglutarate + NADH + H+
NADH + 2 MED,; —>NAD+ + 2MED,y + Ht

2 MEDjey — ¢~ =—=—>2 MED,, (oxidation cusrent)

Current may be detected directly at the electrode sur-
face during oxidation of the cofactor, either directly or
through a mediator.

Pig heart NADP-linked isocitric dehydrogenase
(ICD, EC 1.1.1.42), an oxidoreductase, is sensitive to
trace level of lead ion as low as 1 ug/dl. Like many
enzymes, ICD is inactive or only slightly active unless
Mg++ or Mn++ is present. In fact, at low concentra-
tions of activator, e.g., <200 ppb Mn+ +, the activity of
ICD is proportional to Mn++ and may be used. to de-
termine activator concentration (Guilbault, 1970). Inac-
tivation by inhibitors may also be used to determine
inhibitor concentration. Specificity of enzymes for acti-
vators, or inhibitors, is not as great as for the natural
substrate of the enzyme, but in some cases inhibitor
concentration may be selectively determined. Silver
and mercury have been determined in the presence of
each other using isocitrate dehydrogenase (Mealor and
Townshend, 1968). However, until now, there has been
no satisfactory rapid amperometric method to deter-
mine of lead ion based on ICD inhibition, much less a
simple method to determine low lead ion concentrations
in whole blood.

As used herein, a bioelectrode refers to a single elec-
trode, the working electrode, at the surface of which an
electron transfer takes place representing a reaction
catalyzed by an enzyme located on or near the surface
of the electrode. Such a bioelectrode when set up with
an appropriate reference/counter electrode may consti-
tute a biosensor. Within the meaning of the present
invention, a biosensor is intended to indicate a system
capable of producing a signal that may be related to a
reaction catalyzed by an enzyme constituting the bio-
sensor. Biosensors comprising bioelectrodes will oper-
ate by producing a current related to the activity of an
enzyme catalyzing electron transfer.

Enzymes have been immobilized at surfaces, but a
major problem has been to maintain catalytic activity of
enzymes immobilized on surfaces. This is of particular
concern when ability to transfer electrons is involved,
as with redox enzymes and such species as oxidases and
reductases. The present invention takes advantage of
the ability of colloidal gold adsorbed enzymes to retain
high activity. Additionally, the deposition of colloidal
gold adsorbed enzyme onto a working electrode surface
has provided a catalytically active enzyme from which
a detectable current can be generated.

A colloidal gold surface is distinctly different from
flat bulk gold. Although the exact nature of the colloi-
dal gold/protein/electrode surface interaction is not
completely understood, there are several properties of
colloidal gold that may enhance electron transfer be-
tween a redox protein and an electrode surface. Colloi-
dal gold particles have high surface to volume ratio
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with high surface energy. Uncontaminated gold sol -

surfaces are highly active and can interact strongly with
protein molecules. Smaller colloidal gold particles, in
the range of 30 nm, provide an adsorbed protein mole-
cule some freedom in orientation thereby increasing the
possibility that a prosthetic group, or cofactor, is closer
to the metal particle surface. This makes the distance for
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electron transfer between the protein and the metal
particles shorter, and therefore charge transfer is easier.
With ICD/gold sol deposited on an electrode surface,
colloidal gold particles covered with ICD are able to
function as electron-conducting pathways between the
prosthetic groups and the electrode surface to facilitate
the electron transfer process.

The larger effective surface area appears to allow
more enzyme molecules to be immobilized at or near
the electrode surface. The possibility for multilayers of
effective Au-enzyme layers may be another mechanism
by which the signal from colloidal gold assisted immo-
bilization is increased.

Assuming that the average diameter of the sol parti-
cle is 30 nm and the density is 17.0 g/mL, then 3 pul of
7.5 mg Au/mL sol deposited onto a glass carbon surface
of 3 mm in diameter is equivalent to about 12 layers of
Au sol particles. In the case of HRP-Au sol this surface
coverage gives the best performance, both with and
without a mediator. Addition of more Au layers causes
the unmediated response to deteriorate slightly but does
not much affect the mediated response, suggesting that
the deposited Au layers are not very porous and that the
accessible depth is no more than 12 layers of deposited
Au sol. Even within the 12 layers, only the outermost
layers are of importance, because changing from 4 to 12
layers increased the signal by only 10-20% with or
without a mediator. This suggests that only a few layers
of the deposited Au-enzyme are porous. In consider-
ation of both the electrode performance and cost, 3 ul
ICD-Au sol appears to be optimum for a 3 mm diameter
glassy carbon surface.

Although apparently only the outermost gold layers
contribute the major portion of accessible enzyme mol-
ecules, enzyme loading and mediator effects with col-
loidal gold assisted immobilization are still much higher
when compared with simple adsorption on flat surfaces.
Spectroscopic data for the enzymatic activity of some
enzymes adsorbed on colloidal gold before deposition
on the electrode surface indicate that the active enzyme
coverage on the gold sol particle surfaces is only about
40% of a theoretical compact monolayer. This is consis-
tent with the data obtained by other workers for adsorp-
tion of y-globulin onto latex particles (Morrissey and
Han, 1976; Fair and Jamieson, 1980). The likelihood of
multilayer adsorption of protein molecules on a solid
support surface is thought negligible. If the adsorption
is not specific, the protein molecules can have multiple
orientations on the surface. The strong interactions
between the protein and the Au sol surface may in-
crease the surface density of the adsorbed protein, and
some of the restricted orientations may also favor the
direct electron transfer between the protein molecules
and the conductor surface. It is likely that all of the
enzyme molecules are on the first layer of the adsorbed
surface, but only part of the molecules have the correct
orientation for direct electron transfer.

The electrode surface on which an enzyme/colloidal
gold sol is deposited may be any appropriate conduct-
ing surface such as gold, platinum, glassy carbon and
the like. In preparing lead sensitive electrodes with
isocitric dehydrogenase, a glassy carbon surface is pre-
ferred. .

Deposition of a lead-detecting enzyme on or near an
electrode surface may be accomplished in several ways,
including electrodeposition, evaporation, spray deposi-
tion (e.g., acrosol), or electrolyte deposition. Electrode-
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position may be accomplished by setting a working
electrode at an appropriate potential, for example 1.6 v
vs. a Ag/AgCl reference electrode with a platinum
wire counter electrode. Using a two electrode system
with a glassy carbon disk electrode held at a fixed posi-
tion in a cavity in a lucite block, or other suitable mate-
rial, a platinum plate at the bottom of the cavity serves
as a reference/counter electrode. Electrodeposition
may be performed at constant current or constant po-
tential and optimized for the enzyme to be deposited.

Electrolyte deposition is a method whereby an en-
zyme/Au sol is applied to the surface of an electrode
such as glassy carbon followed by an equal volume of
an electrolyte such as CaCl;. The latter solution causes
the sol to precipitate and after a period of time at ambi-
ent temperature the electrode may be rinsed and stored
in buffer at 4° C.

Solvent evaporation is preferred for ease and conve-
nience. The method is simply performed by applying a
fixed amount of Au-enzyme sol to the electrode surface
and then drying at room temperature or near 4° C.

Methods

A Pine Instrument dual potentiostat interfaced to an
IBM-386 computer was for enzyme electrode measure-
ment. The system is controlled with an ASYST pro-
gram (J. Zhao, Enzyme Technology Research Group,
Inc., 710 West Main Street, Durham, NC 27701).

Cyclic voltammetry measurements were used to de-
termine amounts of immobilized mediator Cyclic vol-
tammograms were obtained in the quiescent state. In
steady state amperometry experiments the potential was
set at 0 V/Ag in stirred buffer with regular sized cell or
in quiescent solution with a micro cell and the steady
state current was measured. A fixed potential method or
chronoamperometric method was used to determine
enzyme inhibition.

In the chronoammetry method, the working elec-
trode was held at a fixed potential while current versus
time data were collected with the aid of a computer
until steady state was reached. This was observed either
from a real-time graphic display and/or the numeric
display on the computer screen. After measurement was
complete, the computer was set to automatically pro-
vide a calibration curve of percentage inhibition vs.
inhibitor concentration, heterogeneous binding con-
stants for reversible inhibitors, and/or binding rate con-
stants for irreversible inhibitors. Programs were modi-
fied as required. ‘

In general, enzymes were purchased as indicated and
used directly. Results were improved in some cases
after the stock enzyme was purified by dialysis. Isoci-
trate dehydrogenase (Sigma, St. Louis, MO, ICD Type
VI) was dialyzed against buffer containing buffer and
manganese ion. If extensive dialysis was performed,
substantial enzyme activity was lost; therefore, manga-
nese ion was added to the dialysis buffer.

The following examples are intended to illustrate the
practice of the present invention and are not intended to
be limiting. Although the invention is demonstrated
with isocitrate dehydrogenase and alcohol dehydro-
genase, numerous variations of these enzymes are con-
templated without changing the enzyme’s susceptibility
to irreversible inhibition by low metal concentrations.
Likewise, other enzymes with different substrate speci-
ficity but similar selective sensitivity will also be appro-
priate.
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EXAMPLE 1

The following example illustrates the detection of
trace amounts of lead ion in aqueous medium through
the inhibition of ICD in homogeneous solution.

Dialysis of ICD and Selection of Buffer

Commercially available ICD (Sigma Chemical Com-
pany, St. Louis, MO) typically contains considerable
amounts of sulfate or EDTA that interfere with lead ion
inhibition of ICD. Dialysis of ICD against low ionic
strength phosphate buffer lost most of its activity which
was restored by addition of Mn++. Dialysis against
Tris buffer containing a low concentration of Mn did
not affect ICD activity.

Buffer selection was important because of potential
interactions of the buffer with lead ion. Tris buffer did
not cause interference, while carbonate or phosphate
buffers were unsatisfactory because of lead ion interac-
tions.

Mediator

NADPH was directly oxidized at high potentials
(>0.7V vs. Ag/AgCl) on carbon electrode. However,
at this high potential the background current was high.
Additionally, the electrode surface was fouled, presum-
ably due to polymerization during the oxidation pro-
cess. Direct oxidation of NADPH produced a back-
ground current of approximately 900 nA while the total
current with isocitrate was only about 1600 nA.

Ferricyanide produced a relatively high background
signal because of operation at potentials >0.2V vs.
Ag/ApCl. N-methylphenazine methosulfate produced
a background signal of about 20 nA without isocitrate
while the total signal with isocitrate was more than 500
nA at 0 V vs. Ag/AgCl

Microcell

A glassy carbon rod of 3 mm diameter was wrapped
in teflon tubing as working electrode and surrounded
with a layer of Pt foil as the counter electrode with a
silver wire placed in between as the reference electrode.
At least one layer of teflon was inserted between two of
the three electrodes. All three electrode surfaces were
on the same plane. Tubing was fixed on the top of the
coplanar electrode surface with an O-ring, forming a
microcell of 100-200 ul in volume. Microcell configura-
tion is shown in FIG. 1.

Measurement of Lead in Aqueous Solution

To the microcell was added in sequence: 100 ul 50
mM pH 8.5 Tris buffer, ca. 0.3-0.4 units ICD and, after
15 min, 5 125 mM NMP-MS, 5 ul 60 mM NADP. The
background current was measured at O V. 10 pl of 0.5 M
isocitrate was added and the current measured again.
The difference in the two signals was taken as due to the
oxidation of isocitrate catalyzed by ICD.

To measure lead inhibition of ICD, lead ion was
added to the above solution after addition of ICD but 15
min prior to the addition of NMP-MS and NADP. The
current difference with isocitrate was due to inhibition
of ICD by the added lead. Typical data are shown in
Table 1. FIG. 2 indicates the sensitivity of the electrode
to lead ion concentrations in the submicromolar range.

TABLE |
{Pb++1/uM 0

1.89



5,217,594

11 12
TABLE 1-continued EXAMPLE 3
;’Eﬁ,ﬂﬁﬁn “88 2;;3 ;g.z The following example illustrates several methods

K;=0.33 uM or 6.83 ug/dl lead

The presence of the mediator NMP-MS interfered with
inhibition of the enzyme by added lead ion. The metho-
sulfate group apparently caused the lead to precipitate.

EXAMPLE 2

The following example illustrates a typical prepara-
tion of an active enzyme adsorbed to colloidal gold.
Such enzymes may be used to prepare bioelectrodes,
generally by evaporative or electrodeposition of the
enzyme/colloidal gold solution onto a suitable elec-
trode surface.

Colloidal Gold Adsorbed ICD

Colloidal gold solutions were prepared by adding a
solution of 1% aqueous sodium citrate to a boiling rap-
idly stirred solution of gold trichloride and refluxing for
30 min. Final concentrations (w/w) were 0.01%
HAuCl14 and 0.03% sodium citrate The particle size
was estimated by filtration of the sol through polycar-
bonate membranes (Nuclepore Corporation, Pleasan-
ton, CA) of varying pore size using an Amicon micro
ultrafiltration unit Approximately 40% of the sol passed
through a 500 A Nucleopore filter and was quantita-
tively collected on a 300 A Nucleopore filter.

The gold sol was concentrated by centrifugation at
room temperature. The concentrated sol was mixed
with appropriate amounts of dialyzed isocitrate dehy-
drogenase solutions Then a fixed amount of the Au-
ICD sol was evaporated on a coplanar carbon electrode
surface and the activity measured The ICD concentra-
tion profile in the Au-ICD sol was constructed vs. the
measured immobilized activity to determine the opti-
mum composition of the Au-ICD sol.

At low ICD loadings, the enzyme activity was too
low to generate a detectable signal. As the loading in-
creased the ICD-Au sol became unstable and precipi-
tated At higher loadings the sol became stable and the
immobilized ICD activity was good.

Electrochemical Measurement of Iinmobilized ICD
Activity

After evaporation of ICD-Au sol onto a carbon elec-
trode surface, the electrode surface exhibited a yellow-
gold appearance which was not washed off. The elec-
trode surface was briefly rinsed with water to remove
any loosely bound material before measurements were
made. Buffer solution with NMP-MS and NADP was
added to the microcell. Background current was mea-
sured, then isocitrate added and current again measured
Typical background and sample signals were 25 and 550
nA respectively.

The basic operational principle for ICD is shown in
FIG. 2. An electron transfer mediator for efficient
charge coupling with the electrode surface is required.
When substrate concentration is sufficiently high, the
generated oxidation current signals are directly propor-
tional to the total amount of enzyme immobilized on the
electrode surface. A mediator carries electrons between
the enzyme(cofactor) and the electrode surface. Sub-
strate is consumed with the production of a catalytic
current.
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contemplated for the detection of lead in whole blood
using the bioelectrode of example 2. The addition of
whole blood to the microcell of example 2, regardless of
lead content, reduced current signal.

A bare coplanar carbon electrode was used to deter-
mine whether a current could be generated. In a mi-
crocell containing 0.1 m! Tris buffer with appropriate
amounts of ICD, NMP-MS, NADP and isocitrate (see
Example 1) the electrode produced an oxidation current
at 0 V relative to Ag/AgCl.

Whole blood interfered with the electrode response
to lead in a solution where ICD, NADP, NMP-MS,
isocitrate, blood and buffer are mixed together. Pres-
ence of the blood increased the viscosity of the mixture
and slows the diffusion process of molecules such as
NADP (mw ca. 743) and NMP-MS which are fairly
large and have only limited concentrations in practical
usage. Several methods are envisioned to overcome this
problem, including:

Co-immobilization of Key Elements

The interference arises from the low usable concen-
trations of ICD, NADP and NMP-MS. When diffusion
processes are slow because of solution viscosity, the
generated electric signal is reduced. If all key elements
required for signal generation are immobilized on or
near the electrode surface, long range diffusion or mass
transfer is no longer necessary for signal generation and
interference is eliminated. '

Alternatively, a mediator in the form of an insoluble
conducting salt NMP-TCNQ, NADP and ICD are
co-immobilized at the electrode surface. Only enzyme
substrate, isocitrate, is then required for signal genera-
tion and this is added in excess to overcome diffusion
limitation.

Co-immobilization of ICD, NADP and an insoluble
mediator is feasible and practical. It is contemplated
that blood interference will be greatly reduced or elimi-
nated

Two-Step Method

Lead inhibition and signal measurement will be sepa-
rately performed. The bioelectrode is first treated with
a blood sample containing lead for a fixed amount of
time during which lead ion will inactivate the enzyme.
The blood is rinsed off and signal measurement quickly
determined Rinsing will remove the blood and reduce
blood interference without altering lead ion inhibition.
The two-step method will eliminate any blood interfer-
ence and will remove any potentially interfering species
in the blood sample that are electrochemically active.

Alternatively, the blood sample is treated before mea-
surement. Several appropriate methods of treatment are
contemplated. ' '

Dilution of Sample

The blood sample will be diluted with a buffer con-
taining a detergent such as SDS to hemolyze the blood,
or, treated with a lead complexing agent. Appropriate
dilution of the sample will reduce blood interference to
a tolerable level and may facilitate the inhibition pro-
cess.
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channel acts as a reference electrode, the bare gold
channel acts as a counter electrode, and the colloidal
gold/enzyme coated channel acts as a working elec-
trode The three-electrode strip responded to a standard
enzyme substrate in a manner comparable to single
channel enzyme sensors.

The tri-electrode strip will fit into the tip of a reusable
electronic analysis and display unit, making an electrical
connection with contacts on the inserted end of the
strip. A small volume of sample is placed on the sensing
end of the strip and catalytic current determined from a
digital readout.

PROPHETIC EXAMPLE 10

The following examples illustrates a contemplated
method for determination of lead ion in various materi-
als where detection may be considered important

Detection of Lead Ion in Urine

A 10 pl urine sample is adjusted to a pH of about 8.5,
then measured for lead ion as in Example 1.

Detection of Lead Ion in Wastewater

Measurement of lead in wastewater is conducted as in
Example 1. Controis will determine if interfering metal
ions are present (Sheikh and Townshend, 1974).
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What is claimed is:

1. A surface-modified bioelectrode for detecting
nanomolar levels of lead or mercury ion consisting
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essentially of a colloidal gold adsorbed enzyme depos-
ited onto an d in contact with a conducting surface to
form a coating thickness of between about 4-12 mono-
layer a on said conducting surface wherein inhibition of
the enzyme detectably affects current generated from
redox reactions catalyzed by the enzyme when the
surface modified bioelectrode is suitably coupled wit a
reference electrode.

2. The biodelectrode of claim 1 wherein the enzyme
comprises an oxidase or a dehydrogenase.

3. The bioelectrode of claim 1 wherein the enzyme
comprises isocitrate dehydrogenase.

4. The biodelectrode of claim 1 wherein the enzyme
comprises alcohol dehydrogenase.

5. The bioelectrode of claim 1 wherein the inhibition
by lead or mercury ion is irreversible.

6. The bioelectrode of claim 1 further comprising a
mediator.

7. The bioelectrode of claim 6 wherein he mediator
comprises N-methylphenazine methosulfate, phenoxa-
zine, ferrocene or N-methylphenazine.

8. The bioelectrode of claim 1 wherein the enzyme/-
colloidal gold is deposited on an electrode surface by
evaporation.

9. The bioelectrode of claim 1 wherein the enzyme/-
colloidal gold is deposited on an electrode surface by
electrodeposition.

10. The bioelectrode of claim 1 wherein the conduct-
ing surface is glassy carbon.

11. The biosensor of claim 1 further comprising dis-
persing the enzyme within a membranous or gelatinous
film located on the bioelectrode surface.

12. The biosensor of claim 11 wherein the bioelec-
trode surface is gold, glassy carbon, colloidal goid or
platinum.

13. The biosensor of claim 11 wherein a cofactor or
mediator is included within the film.

14. A bioelectrode of the detection of lead ion con-
centrations of a least 10 pg/dl consisting essentially of
collioidal gold adsorbed isocitrate dehydrogenase de-
posited to form a coating thickness of between about
4-12 nonlayers on a glassy carbon surface with AND or
NADP.

15. The biodelectrode of claim 14 wherein the colloi-
dal gold is between about 20 and 60 nm diameter.

16. The bioelectrode of claim 14 further comprising a
mediator.

17. The bioelectrode of claim 16 wherein the media-
tor is N-methylphenazine methosulfate.

18. A biosensor comprising a reference electrode and
a bioelectrode according to claim 1, said bioelectrode
having a surface near or one which is located an enzyme
capable of catalyzing a redox reaction wherein presence
of lead or mercury ion concentrations less tan about 10
pg/dl adversely affects a current generated in the pres-
ence of a substrate.

19. The biosensor of claim 18 wherein he metal ion is
lead.

20. The biosensor of claim 18 wherein the enzyme is
isocitrate dehydrogenase.

21. The biosensor of claim 18 wherein he metal ion is
mercury.

22. The biosensor of claim 18 wherine he enzyme is
alcohol dehydrogenase. )

23. An apparatus for detecting metal ion levels in
fluids, comprising;:

a receptacle having walls for containing a fluid sam-

ple;
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a biosensor in accordance with claim 18 placed to 25. The apparatus of claim 23 further comprising a

. . . counter electrode.
allow contact with said fluid sample; and 26. The apparatus of claim 23 further comprising an

a detector positioned to receive a signal from the electronic analysis and display component.
biosensor 27. The apparatus of claim 26 wherein the electronic

wherein the signal is obtained from current generated m;lsysgha::pcngligscgfmgoaﬁﬁngs‘:Iil.;srz;liarlle.the bioelec-
from a redox reaction catalyzed by the enzyme located trode is disposable.

on the bioelectrode surface.’ 29. The apparatus of claim 23 wherein the metal ion
24. The apparatus of claim 23 wherei 10 detected is lead ion.
. l.DP claim 23 wherein the currf:nt 30. The apparatus of claim 23 wherein the metal ion
generated is inversely related to an amount of metal ion

detected is mercury ion.
present in the fluid sample. A
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In column 15, line 15, delete "illustrates" and replace with --
illustrate--.

In column 16, line 2, delete "an 4" and replace with --and--.

In column 16, line 4, delete "layer a" and replace with --
layers--.

In column 16, line 7, change "wit" to --with--.

In column 16, line 13, change "biodelectrode" to --
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'In column 16, line 19, change "he" to --the--.

In column 16, line 38, change the first "of" to --for--.
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In column 16, line 52, change "one" to --on--.

In column 16, line 54, change "tan" to --than--.
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In column 16, line 61, change "he" to --the--.
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