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METHOD OF MAKING AMPEROMETRIC ELECTRODES

Abstract of the Disclosure
A method of making and an amperometric elec-

trode are provided. An electrode carbon ink is applied
to a polymer substrate to form a working electrode. The
substrate carrying the working electrode 1s placed in a
gas plasma cleaner, such as an oxygen or nitrogen
plasma, to clean the working electrode. A high radio
frequency signal excites the gas plasma for a short ex-
posure time in a range between 10 seconds and 30 sec-

onds. Then a reagent layer is deposited to the plasma
treated working electrode.
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METHOD OF MAKING AMPEROMETRIC ELECTRODES

BACKGROUND OF THE INVENTION
1. Field of the Invention

The present invention generally relates to
biosensors, and, more particularly, to new and improved
amperometric electrodes and a method of making the am-
perometric electrodes.

2. Description of the Prior Art

Amperometric electrodes, or biosensors, such
as a glucose biosensor, are used for electrochemical
measurements. In operation, a sample 1s applied to the
amperometric electrodes, and a resulting current 1s mea-
sured for a test sample. The resulting current should
have sufficient magnitude to facilitate measurement and
have reproducibility to provide a meaningful test re-
sult.

Time consuming and undesirable processes, such
as polishing and heat treatment, have been required for
known amperometric electrodes to achieve the required
current response. A need exists for amperometric elec-
trodes providing reliable, reproducible and effective
operation that are simple and economical to manufacture.
Summary of the Invention

Important objects of the present invention are
to provide a new and improved method of making and am-
perometric electrode; to provide amperometric electrodes

that provide reliable, reproducible and effective opera-
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tion and to provide amperometric electrodes for a blood
glucose biosensor.

In brief, the objects and advantages of the
present invention are achieved by a method of making and
an amperometric electrode. An electrode carbon ink 1is
applied to a polymer substrate to form a working elec-
trode. The substrate carrying the working electrode is
placed 1in a gas plasma cléaner, such as an oxygen or ni-
trogen plasma, to clean the working electrode. A high
radio frequency signal excites the gas plasma for a
short exposure time in a range between 10 seconds and 30
seconds. Then a reagent layer is deposited to the
plasma-treated working electrode.

Brief Description of the Drawing
The present invention, together with the above

and other objects and advantages, can best be understood
from the following detailed description of the embodi-
ment of the invention illustrated in the drawing,
wherein:

FIG. 1 is a schematic and plan view of a
sensor card including a plurality of amperometric
electrodes of the present invention;

FIG. 2 1s an enlarged sectional view of the
amperometric electrode taken along line 2-2 of FIG. 1;

FIG. 3 1s a schematic and block diagram
representation of a plasma cleaner for use in the
process of making the amperometric electrodes of FIG. 1;

FIG. 4 1s a graph i1illustrating the effect of
plasma treatment time on the performance of the
amperometric electrodes of FIG. 1; and

FIG. 5 is a graph illustrating the effect of a
testing solution concentration on the performance of the
amperometric electrodes of FIG. 1.

Detailed Description of the Preferred Embodiment
Referring now to FIGS. 1 and 2, there is shown

a sensor card 10 including a plurality of amperometric
electrodes 12 of the present invention. Amperometric
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_3-
electrodes 12 include an end portion 12A for recelving a
test sample and an opposite end lead/contact pad portion
12B for connection with an instrument 14 capable of im-
posing a voltage potential and measuring the resulting
current. The amperometric electrodes 12 include a work-
ing electrode 16 formed by an electrode carbon ink, for
example, by screen printing onto a polymer substrate 18
and then thermally drying. A reagent layer 20 is de-
posited over the working electrode 16 after the working
electrodes have been plasma treated i1n accordance with
the present invention.

A thermoplastic material, such as a polycar-
bonate or polystyrene, having sufficient physical and
electrical insulating properties can be used for the
polymer substrate 18. The electrode carbon ink forming
the working electrodes 16 can contain 18% graphite and
6% carbon black. For another example of the amperomet-
ric electrodes 12, the working electrodes 16 can be
formed with an Acheson 423ss ink screen printed onto a
polystyrene substrate 18.

Referring also to FIG. 3, sensor cards 10 with
carbon working electrodes 16 are thermally dried and
then placed into a chamber 22 of a plasma cleaner 24. A
small barrel plasma etcher sold by March Instruments can
be used for the plasma cleaner 24. The chamber 22 1is
first evacuated to 0.1-0.2 Torr and then backfilled with
a gas, such as oxygen (0O,) or nitrogen (N,), to an oper-
ating pressure of 0.3-0.5 Torr. Once the pressure sta-
bilizes, the gas is excited by a radio frequency (RF)
signal source 26 having a frequency of 13.56 Mhz and a
power level typically of 20-25 watts. The cavity 1is
tuned to maintain zero reflected power. After a se-
lected time period, such as 30 seconds, of RF gas plasma
treatment, the sensor cards 10 are removed from the
chamber 22 and are ready for chemistry deposition or
testing. Then the reagent layer 20 contalining an en-

zyme, such as glucose oxldase for a blood glucose
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biosensor, and a mediator or electron transfer agent 1is
deposited over the treated surface of the working elec-
trode 16. |

Photomicrographs of the carbon working elec-
trodes 16 before and after the gas plasma treatment do
not show any observable physical change. However, the
current response of the untreated and treated carbon
working electrodes 16 are significantly different.
Erratic behavior with little or no current is replaced
by high, reproducible currents for the gas plasma
treated electrodes 16. Polymeric binders such as
polyvinyl chloride that are deposited with the carbon
during screen printing of the working electrodes 16 are
believed to be the primary material removed during the
gas plasma cleaning treatment.

FIG. 4 illustrates the effect of plasma treat-
ment time on the performance of the amperometric elec-
trodes 16. Treatment time 'is shown in seconds along the
horizontal axis with a resulting current for the test
solution in micro-amperes uA shown along the vertical
axis. As shown in FIG. 4, sensors were constructed by
screen printing two carbon electrodes 16 using Acheson
423ss 1nk onto a polystyrene substrate 18. Two other
printings were provided; one for the leads/contact pads
12B and another for an overcoat dielectric layer which
protects the leads/contact pads 12B from the test solu-
tion. A selected plasma treatment time was provided, as
illustrated in FIG. 4. A test solution of 6 uL aliquot
of buffered, 30 mM potassium ferrocyanide K,Fe(CN), was
applied to each sensor, and a time delay of 15 seconds
was provided before a 0.4 volt potential was applied to
the electrodes 16. The resulting current was measured
15 seconds after the 0.4 volt potential was initiated.

For FIG. 5 the same protocol as described with
respect to FIG. 4 was used, except that the testing so-
lution concentration was varied over the range of 0 to

30 mM potassium ferrocyanide. In FIG. 5 the testing so-
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lution concentration is shown along the horizontal axis

- -

with a resulting current for the test solution i1n micro-
amperes uA shown along the vertical axis. Two plasma-
cleaning times of 10 seconds and 20 seconds are illus-
trated by a line labelled 10S and a line labelled 20S,
respectively.

The resulting current corresponds to the re-

- duced mediator of the reagent layer 20. Typically the

reagent layer is based on an aqueous polymer solution

containing the required reagents for a particular
biosensor.

Example I
Procedure for Plasma Etching and

Testing Electrode Cards
Electrodes are constructed using conductive

and dielectric inks printed on a 3" x 3" polycarbonate
substrate. Conductive ink used for the active areas
(electrodes--both working and reference) is Acheson
421ss which 1s screen printed on and then thermally
cured. The areas of the electrodes are defined by an
overcoat of dielectric (Acheson 452ss) which 1s screen
printed on and then UV cured. Activating the printed
electrodes requires treating cards in a plasma etcher.
In our case we used either a small barrel-cavity instru-
ment from March Instruments or a tray instrument from
Branson/IPC. Cards are loaded on the shelves of a
Branson/IPC plasma etcher. The plasma treater is evacu-
ated to 0.1-0.2 torr, then backfilled with purified oxy-
gen gas to a pressure of .8 torr. After a plasma is
generated, the cards are treated for three minutes at
300 watts of power. Testing the activated electrodes
requires that each sensor’s leads be connected to a po-
tentiostat for testing. This can be done in the card
format or as singulated electrodes. The electrodes
themselves are dipped into a solution containing 200 mM
potassium Ferricyanide, 12.5 mM Potassium Ferrocyanide
and 100 mM phosphate buffer pH 7. A positive 400 milli-
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volts are applied across the working and reference elec-
trodes, and the current is measured at the working
electrode. With cards that have been plasma etched hav-
ing a working electrode area of approximately 1 mm cur-
rent will be 8-9 uamps after ten seconds with between
sensor coefficients of variation (CVs) of less than 2%.
If the electrodes were not plasma treated, the current
would be 4-5 uamps after ten seconds with CVs higher
than 20%.

While the invention has been described with
reference to details of the illustrated embodiment,

these details are not intended to limit the scope of the
invention as defined in the appended claims.
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Claims

1. A method of making an amperometric electrode
comprising the steps of:
providing an electrical insulative substrate;
applying an electrode carbon 1nk to said substrate

to form a working electrode; said electrode carbon ink

containing set amounts of graphite and carbon black;
cleaning said working electrode utilizing a gas
plasma; sald gas plasma 1s a nitrogen gas plasma or an
oxygen gas plasma; and
depositing a reagent layer to said working

electrode after said cleaning step.

2. A method of making an amperometric electrode as
recited 1n claim 1 wherein said step of providing a
substrate includes the step of providing a polymer

substrate.

3. A method of making an amperometric electrode as
recited 1n claim 1 whereln said step of applying an
electrode carbon ink to said substrate includes the steps of
screen printing said electrode carbon ink to said substrate
to form said working electrode; and thermally drying said

screen printed working electrode.

4 . A method of making an amperometric electrode as

recited in claim 1 wherein said step of applying said

gritiy

electrode carbon ink containing set amounts of graphite and

carbon black includes applying an electrode carbon 1ink

containing approximately 18% graphite and 6% carbon black.
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5. A method of making an amperometric electrode as
recited in claim 1 wherein said step of cleaning said
working electrode utilizing a gas plasma i1ncludes the steps
of :

placing said substrate carrying said working
electrode 1n a chamber;

evacuating said chamber in a range between 0.1 to
0.2 Torr;

backfilling said evacuated chamber with a gas to
an operating pressure 1n a range between 0.3 to 0.5
Torr; and

exclting said gas with a radio frequency (RF)

signal.

6 . A method of making an amperometric electrode as

g

recited in claim 5 wherein said step of exciting said gas

with a radio frequency (RF) signal includes the steps of:
1denti1fying said operating pressure stabilized at
a set pressure; and
applying said radio frequency (RF) signal having a
set frequency of about 13.56 Mhz with a set power level

of 20 to 25 watts.

7. A method of making an amperometric electrode as
recited in claim 5 wherein said step of exciting said gas
with a radio frequency (RF) signal includes the step of
applying a radio frequency (RF) signal having a frequency of
about 13.56 Mhz for a selected time period 1n a range

between 10 seconds and 30 seconds.

8 . A method of making an amperometric electrode as

recited in claim 1 wherein said step of depositing a reagent
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layer to said working electrode after said cleaning step
includes the step of depositing a layer contailning an enzyme
and an electron transfer agent over said cleaned working

electrode.

9. A method of making an amperometric electrode as
recited in claim 1 wherein the amperometric electrode 1s
used for a glucose biosensor and wherein said step of
depositing a reagent layer to said working electrode after
sald cleaning step includes the steps of depositing a lavyer

containing a glucose oxidase.

10. A method of making an amperometric electrode as

recited in claim 1 wherein said step of providing a

]
p—

substrate includes providing a substrate formed of an

electrical insulative, thermoplastic material.

11. An amperometric electrode comprising:

an electrical i1nsulative substrate formed of
thermoplastic material;

a working electrode carried by said substrate;
sald working electrode 1s formed by an electrode carbon

ink containing graphite and carbon black; said

working electrode 1s cleaned by a gas plasma; said gas
plasma 1s a nitrogen gas plasma or an oxygen gas
plasma; and

a reagent layer deposited to said gas plasma

treated working electrode.

12. An amperometric electrode as recited 1in claim 11

wherein said working electrode 1s formed by said electrode

carbon ink containing approximately 18% graphite and 6%
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carbon black.

13. An amperometric electrode as recited 1in claim 11
wherein saild working electrode 1s formed by screen printing
salid electrode carbon ink onto said electrical 1nsulative

substrate.

14. An amperometric electrode as recited 1in claim 11

wherein said working electrode 1s treated by said gas plasma

by exciting said gas with a radio frequency (RF) signal

having a frequency of about 13.56 Mhz.

15. An amperometric electrode as recited in claim 11

wherein said working electrode is treated by said gas plasma

by exciting said gas with a radio frequency (RF) signal
having a set frequency of about 13.56 Mhz with a

predetermined power level of 20 to 25 watts.
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