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ELECTROCHEMICAL-BASED SENSOR WITH A REDOX POLYMER AND
REDOX ENZYME ENTRAPPED BY A DIALYSIS MEMBRANE

ABSTRACT OF THE DISCLOSURE

An electrochemical-based sensor includes an electrode with at least one electrode
surface, a film disposed on the electrode surface, and a dialysis membrane disposed on
the film. The film includes a redox enzyme and a hydrophilic redox polymer (1.e., a
polymer with an attached redox mediator(s)). In addition, the dialysis membrane serves
to entrap the redox polymer and redox enzyme in the vicinity of the electrode. Such
entrapment 1s accomplished by employing a redox enzyme and a hydrophilic redox
polymer of a sufficiently high molecular weight that they do not pass through the dialysis

membrane.
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ELECTROCHEMICAL-BASED SENSOR WITH A REDOX POLYMER AND
REDOX ENZYME ENTRAPPED BY A DIALYSIS MEMBRANE

BACKGROUND OF INVENTION

1. Field of the Invention

The present invention relates, 1n general, to sensors and, in particular, to

electrochemical-based sensors.

2. Description of the Related Art

The use of electrochemical-based sensors that employ a redox mediator and a
redox enzyme in conjunction with an electrode(s) for the determination of an analyte in a
liquid sample has become of heightened interest. Such electrochemical-based sensors are
believed to be particularly suitable for continuous or semi-continuous monitoring of
analytes (such as glucose) in bodily fluid samples (e.g., blood or interstitial fluid
samples). For example, electrochemical-based glucose sensors employing a redox
mediator, a redox enzyme and a working electrode can determine (i.e., measure) glucose
concentration using relatively low potentials (e.g., less than 0.4 V vs SCE), thereby
limiting any interfering responses, at the working electrode. For a further description of

electrochemical-based sensors, see for example, U.S. Patent No.s 5,089,112 and

0,234,478.

In typical electrochemical-based sensors, the redox mediator facilitates electron
transfer between the redox enzyme(s) and an electrode(s) of the electrochemical-based
sensor. In doing so, the redox enzyme cycles between oxidized and reduced states,
driven by the presence of analyte, a redox mediator and a surface of the electrode. The
net result of such cycling is that electrons are either accepted or donated at the surface of
the electrode while the redox enzyme essentially maintains its original oxidation state and

catalytic characteristics.
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For the determination of an analyte 1n an aqueous liquid sample (e.g., a bodily
fluid sample such as blood, urine or interstitial fluid), a degree of water solubility for both
the redox enzyme and redox mediator can be beneficial in terms of enabling adequately
rapid reaction kinetics. Therefore, conventional electrochemical-based sensors may
incorporate a redox enzyme and a redox mediator that are solvated in an aqueous liquid

sample.

For electrochemical-based sensors that require long term stability, such as
continuous or semi-continuous electrochemical-based glucose sensors, it 1s essential that
the redox mediator does not leach away from the vicinity of the electrode. In addition, 1f
the redox mediator is a substance that 1s harmful to humans or other subjects, leaching of

the redox mediator into a human’s or other subject’s body 1s undesirable and thus to be

avoided.

Redox mediators have been attached to water-insoluble synthetic polymer chains,
such as polysilozanes, in order to prevent lecaching. Such chemical compositions,
however, suffer from low flexibility, and thus reduced reaction kinetics in aqueous
media, due to their hydrophobic nature. Moreover, redox mediators covalently attached
to hydrophilic polymer backbones are not suttable for efficient and secure conventional

attachment directly to an electrode(s) of an electrochemical-based sensor.

Still needed 1n the field, therefore, 1s an electrochemical-based sensor that
employs a redox enzyme and redox mediator, yet does not suffer from inadvertent
leaching of the redox enzyme and/or redox mediator from the vicinity of the
electrochemical-based sensor’s electrode. In addition, the redox mediator and redox
enzyme of such an electrochemical-based sensor should exhibit adequately rapid reaction

kinetics.
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SUMMARY OF INVENTION

Electrochemical-based sensors according to embodiments of the present invention
include a redox enzyme and a redox mediator, yet do not suffer from inadvertent leaching
of the redox enzyme and/or redox mediator from the vicinity of an electrode of the
electrochemical-based sensor. In addition, the redox mediator and redox enzyme ot such

embodiments exhibit adequately rapid reaction kinetics.

An electrochemical-based sensor in accordance with one embodiment of the
present invention COmMprises:

an electrode with at least one electrode surface:;

a film disposed on the electrode surface, the film including:

a redox enzyme; and

a hydrophilic redox polymer; and

a dialysis membrane disposed on the film,

wherein the dialysis membrane serves to entrap the redox polymer in the vicinity of the

electrode.

An electrochemical-based sensor according to a further embodiment of the

present invention includes an electrode with at least one electrode surtace, a film
disposed on the electrode surface, and a dialysis membrane disposed on the film. The
film includes a redox enzyme and a hydrophilic redox polymer (i.e., a polymer with an
attached redox mediator(s), for example, a covalently attached redox mediator). In
addition, the dialysis membrane serves to entrap the redox polymer and redox enzyme in
the vicinity of the electrode. Such entrapment can be accomplished by employing a
redox enzyme and a hydrophilic redox polymer of a sufficiently high molecular weight
that they do not pass through the dialysis membrane.

Since both the redox enzyme and hydrophilic redox polymer are entrapped 1n the
vicinity of the electrode by the dialysis membrane, leaching 1s prevented and the
electrochemical-based sensor can be employed for continuous or semi-continuous

measurements over an extended period of time (e.g., for ten hours or longer).
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Furthermore, the hydrophilic nature of the redox polymer provides for adequately rapid

reaction kinetics in the presence of an aqueous liquid sample.
BRIEF DESCRIPTION OF DRAWINGS

A better understanding of the features and advantages of the present invention
will be obtained by reference to the following detailed description that sets forth
illustrative embodiments, in which principles of the invention are utilized, and the

accompanying drawings of which:

FIG. 1A is a simplified top view depiction of a portion of an electrochemical-
based sensor according to an exemplary embodiment of the present invention;

FIG. 1B is a simplified cross-sectional depiction of the electrochemical-based
sensor of FIG. 1A taken along line 1B-1B;

FIG. 1C is a simplified cross-sectional depiction of the electrochemical-based
sensor of FIG. 1A taken along line 1C-1C;

FIG. 1D is a simplified cross-sectional depiction of the electrochemical-based
sensor of FIG. 1A taken along line 1D-1D;

FIG. 2 is a simplified depiction of the co-polymerizing of N-vinylpyrrolidinone
(NVP) and vinyl ferrocene (VFc) to form a redox polymer for use in electrochemical-
based sensors according to exemplary embodiments of the present invention;

FIG. 3 is a simplified depiction of the grafting of VFc to polyethylene glycol
(PEG) to form a redox polymer for use in electrochemical-based sensors according to
exemplary embodiments of the present invention;

FIG. 4 is a simplified depiction of a reaction sequence for grafting ferrocene
carboxaldehyde to polyethyleneimine (PEI);

FIG. 5 is a cyclic voltammogram of an electrode tested in various solutions
containing the redox polymer of FIG. 2;

FIG. 6 is a cyclic voltammogram obtained for an electrode coated with the redox
polymer of FIG. 2 in the absence of a dialysis membrane;

FIG. 7 is a cyclic voltammogram obtained for an electrode coated with the redox

polymer of FIG. 2 and then subsequently coated with a dialysis membrane; and
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FIG. 8A and 8B depict the magnitude of the glucose catalytic current as a
function of time for an electrode coated with the redox polymer of FIG. 2 and glucose

oxidase, both with and without a dialysis membrane. FIG. 8B highlights the first 10

minutes of the 100-minute measurement that 1s shown 1n FIG. 8A.

DETAILED DESCRIPTION OF THE INVENTION

To be consistent throughout the present specification and for clear understanding
of the present invention, the following definitions are hereby provided for terms used
therein:

The term “redox mediator” refers to any chemical moiety capable of undergoing a
reduction (accepting of an electron(s)) or oxidation (donation of an electron(s)) with both
an electrode surface and a redox enzyme.

The term “hydrophilic” refers to any chemical species or subgroup with a high

affinity for water or aqueous solutions. Therefore, a hydrophilic compound will tend to

be attracted to, dissolve in, or be absorbed in water or an aqueous solution.

The term “hydrophobic” refers to any chemical species or subgroup with a low
affinity for water or aqueous solutions. Therefore, a hydrophobic compound tends to
repel and not be absorbed in water or an aqueous solution.

The term "redox polymer" refers to a polymer that has been modified (derivatized)

to include at least one redox mediator.

FIGs. 1A through 1D depict a portion of an electrochemical-based sensor 100

according to an exemplary embodiment of the present invention. Electrochemical-based
sensor 100 includes a substrate 102, a reference electrode 104a with an electrode surface

106a, a working electrode 104b with an electrode surface 106b, a film 108 disposed on

electrode surface 106a, and a dialysis membrane 110 disposed on film 108.

8
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Electrochemical-based sensor 100 also includes an insulation layer 112 and a reference
ink layer 114. One skilled in the art will recognize that FIGs. 1A through 1D depict only
a portion of a complete electrochemical-based sensor and that additional components of
the electrochemical-based sensor (e.g., a housing, analysis/microprocessor module, and

electrical communication circuits) have not been 1llustrated to avoid unduly complicating

FI1Gs. 1A through 1D.

One skilled in the art will also recognize that reference ink layer 114, which
constitutes an electrochemically active layer integrated with reference electrode 104a,
sets the “zero potential” against which a measurement potential 1s applied at working
electrode 104b. One skilled in the art will further recognize that although F1Gs. 1A
through 1D depict an electrochemical-based sensor with a two electrode format, other
electrochemical-based sensor formats known in the field can be employed in

embodiments of the present invention.

Substrate 102 can be formed, for example, from a sheet of polyetheylene

terephthallate, polybutylene terephthallate sheet (commercially available from, tor

example, GE Plastic, United States), or from an oriented polystyrene film (commercially

available from, for example, NSW GmBH, Germany).

Reference ink layer 114 can be formed, for example, from Ag/AgCl paste
(commercially available from Gwent Electronic Matenals, Pontypool Wales, UK) or any
suitable electrochemical reference material including, but not limited to matenals that

include a metal that forms a partially soluble salt (e.g., silver, copper, titanium and

lithium).

Insulation layer 112 can be formed, for example, from a dielectric screen printable
ink paste (commercially available from, for example, Sericol Inks Ltd.). Reference
electrode 104a and working electrode 104b can be formed of any suitable material known
to one skilled in the art. For example, reference and working electrodes 104a and 104b

can be formed from conductive ink, such as a carbon conductive ink.
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Reference electrode 104a, working electrode 104b, insulation layer 112 and
dialysis membrane 110 can have any suitable thickness. However, a typical thickness for

each of these layers is in the range of from 1 micron to 100 microns.

Film 108 includes a redox enzyme and a hydrophilic redox polymer (not depicted
in FIG. 1). The redox polymer and redox enzyme of film 108 are entrapped in the

vicinity of working electrode 104b by dialysis membrane 110 and insulation layer 112.

The hydrophilic redox polymer and redox enzyme of film 108 are both of a
sufficiently high molecular weight that they essentially do not pass through dialysis
membrane 110 (as discussed further below). The hydrophilic redox polymer and redox
enzyme can have any suitable molecular weight that provides for the hydrophilic redox
polymer to be entrapped by a given dialysis membrane. Typically, such hydrophilic
redox polymers have a molecular weight of greater than about 10 kg mol™ (10,000
Daltons) and such redox enzymes have a molecular weight of greater than 5,000 Daltons
(5 kg mol™) and preferably greater than 80,000 Daltons (80 kg mol™). In this regard, it is
noted that glucose oxidase (a redox enzyme) has a molecular weight of approximately

160,000 Daltons (160 kg mol™).

Dialysis membrane 110 is adapted such that only relatively low molecular weight
compounds (e.g., glucose) can pass therethrough, while relatively high molecular weight
compounds (e.g., the hydrophilic redox polymer and redox mediator of film 108) are
retained in the vicinity of working electrode 104b. The dialysis membrane can also
function as an analyte (e.g., glucose) diffusion control layer and interferent excluding

layer.

Dialysis membrane 110 can be any suitable dialysis membrane known 1n the art,
including a cast polymer dialysis membrane or a cross-linked polymer dialysis
membrane. Non-limiting examples of suitable dialysis membranes include (1) a cast
dialysis membrane formed from an acetone solution containing 2% (w/v) cellulose
acetate (CA) and 0.7% (w/v) polyethylene glycol (PEG) and (i1) a cross-linked polymer

dialysis membrane formed from a 2-isopropanol solution containing 5% (w/v)
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polyethyleneimine (PEI) and 0.7% (w/v) poly(propylene glycol) diglycidyl ether
(PPGDGE).

Hydrophilic redox polymers suitable for use in film 108 can be formed by, for
example, covalently attaching a redox mediator to a relatively high molecular weight
polymer. The hydrophilic nature of such a hydrophilic redox polymer facilitates a
favorable interaction between the redox mediator of the hydrophilic redox polymer and

the redox enzyme such that adequately rapid reaction kinetics are obtained.

The redox enzyme of film 108 can be any suitable redox enzyme known to one
skilled 1n the art. Exemplary, but non-limiting examples include glucose oxidase, lactate
ox1idase, bilirubin oxidase, sarcosine oxidase, choline oxidase, cholesterol oxidase, and
xanthine oxidase, glucose dehydrogenase, alcohol dehydrogenase, peroxidase (e.g.,

horseradish peroxidase) and catalase.

[tisa bene'ﬁt of electrochemical-based sensors according to embodiments of the
present invention that components thereof can be readily prepared and handled in
solution during manufacturing. Therefore, the manufacturing of such electrochemical-
based sensors can be achieved using, for example, conventional printing and coating

techniques.

FIG. 2 is a schematic representation depicting a process for forming a redox
polymer 200 suitable for use in electrochemical-based sensors according to exemplary
embodiments of the present invention. As depicted in FIG. 2, redox polymer 200 can be
formed by free radical co-polymernization of the hydrophilic monomer N-
vinylpyrrolidinone (NVP) with the redox mediator vinyl ferrocene (VFc) initiated by
2,2’-azobisisobutyronitrile (AIBN). Alternative hydrophilic monomers known to those
skilled 1n the art, such as acrylamide monomer, hydroxyethyl methacrylate monomer and

polyethylene glycol (PEG) macro-monomer, can be substituted for NVP.

The mole ratio of NVP:VFc is represented in FIG. 2 as m:n, can be, for example,

in the range of from about 100:1 to about 100:5. It should be noted that if the proportion
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of VFc is greater than about 5%, the resulting redox polymer may become 1nsoluble in
some aqueous liquid samples. Moreover, if the proportion of VFc 1s less than about 1%,
the redox conductivity of redox polymer 200 may become too low to support the electron
exchange rates needed for determining glucose. It should also be noted that the
hydrophilic character of NVP imparts a relatively high degree of hydrophilicity to redox
polymer 200.

Redox polymers suitable for use in electrochemical-based sensors according to
embodiments of the present invention can include any suitable redox mediator including,
but not limited to, osmium complexes, quinone, ferricyanide, methylene blue, 2,6-
dichloroindophenol, thionine, gallocyanine, indophenol and combinations thereof.
Furthermore, the redox polymers can be formed, for example, from any suitable
hydrophilic monomer including, but not limited to, hydrophilic monomers with an
acrylate or a vinyl polymerizable functional group. Examples of other hydrophilic
monomers suitable for use include hydroxyethyl methacrylate, N-isopropylacrylamide,
glycerol methacrylate and acrylamide. For different mediators and hydrophilic

monomers, changes should be accordingly made to the process shown in FIG. 2.

Redox polymers suitable for use in electrochemical-based sensors according to
embodiments of the present invention can also be formed, for example, by grafting a
hydrophilic polymer (e.g., polyethylene glycol (PEG), polyvinyl pyrrolidone or
polyethyleneimine (PEI)) to a redox mediator. FIG. 3 depicts a reaction sequence for
grafting VFc to PEG to form a redox polymer 300 for use in electrochemical-based
sensors according to exemplary embodiments of the present invention. The reaction
sequence depicted in FIG. 3 employs benzoyl peroxide as an initiator in the presence of

styrene to form redox polymer 300 via a hydrogen abstraction mechanism.

FIG. 4 depicts a reaction sequence for grafting PEI to ferrocene carboxaldehyde
to form a redox polymer 400 that is suitable for use in embodiments of electrochemical-
based sensors according to the present invention. In the reaction sequence of FIG. 4, the

secondary amine group of PEI forms a Schiff base (1.e., an imine) with the aldehyde
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group of the ferrocene carboxaldehyde. Since the Schiff base bond formation is unstable,

sodium borohydride (NaBH4) 1s used to reduce the imine to a tertiary amine.

The following examples 1llustrate and demonstrate further aspects and benefits of

electrochemical-based sensors according to embodiments of the present invention.

Example 1

Cyclic voltammetry (CV) with a 5% solution (in phosphate buffer saline (PBS))
of redox polymer 200 of FIG. 2 was performed with a glassy carbon electrode (GCE) at
50 mV/s between - 0.1 and 0.5 V vs Ag/AgCl. Curve 500 of FIG. 5 was thereby obtained

and demonstrates that redox polymer 200 is redox active at the glassy carbon electrode.

Next, glucose oxidase (a redox enzyme) was added to the PBS to a concentration
of 0.05 wt%. The redox peaks of a subsequent CV scan decreased slightly, as shown by a
curve 510 of FIG. 5. The small decrease in the oxidation and reduction peaks of curve
510 1n comparison to curve 500 can be attributed to a small dilution resulting from the
addition of glucose oxidase and/or an adsorption of glucose oxidase that resulted in the

passivation of a small portion of the GCE.

Subsequently, glucose was added to the PBS to a concentration of 100 mM. This
addition caused the oxidation current to increase, as demonstrated by CV curve 520 of
FIG. 5. Since the glucose oxidase converted all of the ferricenium moieties at the

electrode surface to ferrocene moieties, there was no reduction wave observed within
curve 520. The characteristic shape of curve 520 may also be referred to as a catalytic

wave 1n which the maximum current is proportional to the glucose concentration.

Example 2

A GCE was dipped into a solution containing a 5% solution of redox polymer 200
of FIG. 2 dissolved 1n 2-1sopropanol. The GCE was then removed from the 5% solution

and allowed to dry. The GCE was subsequently immersed in PBS and tested using CV at
20 mV/s between - 0.1 and 0.5 V vs. Ag/AgCl. The magnitude of the redox peaks

10
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decreased rapidly upon successive CV scans, as shown in FIG. 6. This indicates that
redox polymer 200 washed off the GCE 1n the absence of a dialysis membrane to entrap
redox polymer 200 in the vicinity of the GCE.

Example 3

A coated electrode was prepared by applying 0.5 uL of a 5% (w/v) solution of
redox polymer 200 dissolved 1n 2-1sopropanol onto a carbon electrode (2.25 mm X 2.25
mm) followed by drying in an oven at 50 °C for about 5 minutes. A dialysis membrane
was then formed on the coated electrode by preparing a solution containing 2% (w/v)

cellulose acetate (CA) and 0.7% PEG 1n acetone.

Next, 0.8 uL of the CA/PEG mixture was applied to the coated electrode and
dried in the oven at 50 °C for 30 minutes. The CA/PEG mixture formed a cast dialysis
membrane that retained large molecular weight redox polymer 200 in the vicinity of the
carbon electrode. The GCE prepared as described immediately above was immersed in
PBS and tested by CV at 20 mV/s between - 0.1 and 0.5 V vs. Ag/AgCl. The magnitude
of the redox peaks 1nitially increased upon successive CV scans due of an initial wetting
of the electrode and then gradually decreased, as shown in FIG. 7. It should be noted that
the observed rate of decrease in FIG. 7 is less than the rate observed in FIG. 6. This
indicates that the dialysis membrane of this example aided in the entrapment of redox

polymer 200 1n the vicinity of the carbon electrode.
Example 4

An electrochemical-based glucose sensor without a dialysis membrane was .
prepared by applying 0.5 pL of a 5% (w/v) solution of redox polymer 200 onto a carbon
electrode (2.25 mm X 2.25 mm) followed by drying in an oven at 50 °C for about 5
minutes. Next, 1 pL. of a 10% (w/v) glucose oxidase solution in PBS was applied to the

electrode and then dried in the oven at 50 °C for 10 minutes.

11
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Example 5

An electrochemical-based glucose sensor was prepared in a manner similar to that
of Example 4, except that the electrochemical-based glucose sensor included a dialysis
membrane coated thereon. More specifically, the dialysis membrane coated thereon was
a cast polymer membrane prepared from a solution containing 2% (w/v) CA and 0.7%
PEG in acetone. The dialysis membrane was formed by applying 0.8 pL of this CA/PEG
mixture to an electrochemical-based glucose sensor as described in Example 4 and then
drying the sensor in the oven at 50 °C for 30 minutes. The CA and PEG solution formed
a cast dialysis membrane that retains large molecular weight redox polymer 200 and the
redox enzyme (1.e., glucose oxidase) whilst allowing small molecular weight analytes,

such as glucose, to pass therethrough.

Example 6

The electrochemical-based glucose sensor of Example 4 (without a dialysis
membrane) and the electrochemical-based glucose sensor of Example 5 (with a dialysis
membrane) were independently tested in the presence of 100 mM glucose. The working
electrodes of each electrochemical-based sensor were scanned between -0.1 and 0.5 V vs.
Ag/AgCl at a rate of 20 mV/s while open to the atmosphere and at room temperature.
The resulting catalytic waves were recorded every 10 minutes over a 100 minute time

interval.

FIG. 8A and 8B depict that the catalytic waves exhibited an oxidation current
that decreased rapidly for the electrochemical-based glucose sensor that did not have a
dialysis membrane. This suggests that redox polymer 200 washed off the electrode of
such an electrochemical-based glucose sensor. However, for the electrochemical-based
glucose sensor that included a dialysis membrane, the catalytic wave exhibited an
oxidation current which decreased more slowly, thus indicating that the redox mediator
and redox enzyme were retained in the vicinity of the electrode by the dialysis

membrane.

12
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Example 7

An electrochemical-based glucose sensor with a dialysis membrane was prepared
in a manner similar to that of Example 5, except that the dialysis membrane was a cross-
linked polymer film that included PEI and PPGDGE. To form such a dialysis membrane,
52 mg of PEI and 106 mg of PPGDGE were mixed together to form a PEI/PPGDGE
mixture in 1 mL of 2-isopropanol. Next, 0.8 uL of the PEI/PPGDGE mixture was
applied to a coated carbon electrode (prepared as in Example 4 above) and dried in an
oven at 50 °C for 30 minutes. The PEI and PPGDGE solution formed a dialysis
membrane in the form of a cross-linked polymer dialysis membrane that retains large
molecular weight redox polymer 200 and the redox enzyme whilst allowing small

molecular weight analytes, such as glucose, to penetrate therethrough.

It is contemplated without being bound that the hydrophilic nature of the cross-
linked polymer dialysis membrane, formed from the PEI and PPGDGE solution, results
in membrane swelling when in contact with an aqueous solution. This swelling provides
the cross-linked polymer dialysis membrane with hydrogel characteristics. Therefore, the
resulting membrane can be referred to as a hydrogel layer. Furthermore, the penetration
of relatively low molecular weight analytes (e.g., glucose) through such a hydrogel layer
is much faster than the penetration of relatively high molecular weight redox polymers

and redox enzymes.

Example 8

A redox polymer suitable for use in electrochemical-based sensors according to
the present invention was synthesized by a free radical co-polymerization using 10.4 g of
NVP, 0.87 g of vinylferrocene (VFc), and 0.11 g of 2,2’-azobisisobutyronitrile (AIBN)
(see the sequence depicted in FIG. 2). The reaction was performed 1n a round bottom
flask. Before initiating the reaction, the reaction solution was deoxygenated by bubbling

nitrogen therethrough for one hour. The reaction tlask was then heated to 70 °C 1n an o1l

bath for 24 hours with continuous magnetic agitation under a nitrogen atmosphere.

13
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The resulting redox polymer was dissolved in dichloromethane and precipitated out
of solution with diethyl ether. Next, the precipitated redox polymer was filtered and
dried in an oven at 50 °C. Low molecular weight portions of the redox polymer were
then eliminated through dialysis against de-ionized water. The dialysis tubing was a

cellulose membrane with a molecular cutoff of 16 Kg/mol.
Example 9

A redox polymer suitable for use in electrochemical-based sensors according to
embodiments of the present invention was synthesized by a grafting process (as depicted
in FIG. 3). A VFc solution was first prepared by dissolving 0.6 g of VFc 1n 2.1g of
styrene. In a separate container, a benzoyl peroxide suspension was prepared by
suspending 0.24 g of benzoyl peroxide (70%) in 1.37g xylene. In yet another separate
container, a PEG solution was prepared by mixing 10g of PEG (molecular weight 8

K g/mol) with 20 g of ethoxyethanol and then warmed to 90 °C.

Next, the VFc solution was added to the PEG solution at 90 °C to form a
VFc¢/PEG mixture. Immediately after the addition of the VFc solution, the benzoyl
peroxide suspension was added to the VF¢/PEG mixture to form a reaction mixture.
Upon initiation of grafting, the reaction mixture formed into single phase that was red-
orange in colour. The reaction mixture was stirred at 90 °C for 2 hours and then allowed
to continue stirring overnight at 70 °C. The reaction mixture was, thereafter, transterred
to 50 ml of analar water, causing a red/brown emulsion to be formed that contained a

redox polymer. The red/brown emulsion was suitable for use in coating a GCE during

the preparation of electrochemical-based glucose sensor according to an embodiment of

the present invention.
Example 10

Yet another redox polymer suitable for use in electrochemical-based sensors

according to embodiments of the present invention was synthesized by a gratting process

(as depicted in FIG. 4). In this synthesis, 0.3g of ferrocene carboxaldehyde was mixed

14



10

135

20

CA 02517687 2005-08-31

with 50 ml of dry methanol and 18g of PEI to form a reaction solution. The number
average molecular weight (Mn) of the PEI was 10 Kg/mol and the weight average
molecular weight (Mw) was 25 Kg/mol.

The reaction solution was subsequently stirred at ambient for 2 hours. The
reaction was monitored by removing aliquots of the reaction solution and performing thin
layer chromatography (TLC) with a methanol elutant. The results of TLC testing

indicated that all of the ferrocene carboxaldehyde had reacted to an imine after 2 hours.

Next, 100 mg of sodium borohydride was added to 10 ml of methanol, which was
then added to the reaction solution to reduce the imine to a tertiary amine. After adding
the sodium borohydride, the reaction solution was stirred for an additional 2 hours,
followed by the gradual addition of 15 ml of water. Next, a further 20 ml of water was
quickly added to insure that all of the sodium borohydride had reacted. The reaction
solution was then extracted with 100 ml of diethyl ether to remove any possible organic
impurities. The organic phase was then discarded. After the extraction step, the reaction
solution was dried overnight in an oven at 70 °C to yield a redox polymer suitable for use

in embodiments of electrochemical-based sensors according to the present invention.

It should be understood that various alternatives to the embodiments of the
invention described herein may be employed in practicing the invention. It 1s intended
that the following claims define the scope of the invention and that structures within the

scope of these claims and their equivalents be covered thereby.

15
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CLAIMS

WHAT IS CLAIMED IS:

1. An electrochemical-based sensor comprising:
an electrode with at least one electrode surface;
a film disposed on the electrode surface, the film including:
a redox enzyme; and
a hydrophilic redox polymer; and
a dialysis membrane disposed on the film,
wherein the dialysis membrane serves to entrap the redox polymer in the vicinity of the

electrode.

2. The electrochemical-based sensor of claim 1, wherein the dialysis membrane 1s a

cross-linked polymer dialysis membrane.

3. The electrochemical-based sensor of claim 3, wherein the cross-linked polymer

dialysis membrane forms a hydrogel layer upon contact with an aqueous solution.

4, The electrochemical-based sensor of claim 1, wherein the dialysis membrane 1s a

cast dialysis membrane.

5. The electrochemical-based sensor of claim 1, wherein the redox enzyme 1s

glucose oxidase.

6. The electrochemical-based sensor of claim 1, wherein the redox polymer 1s

synthesized by co-polymerizing N-vinylpyrrolidinone and vinylferrocene.

7. The electrochemical-based sensor of claim 1, wherein the redox polymer 1s

synthesized by grafting vinylferrocene to polyethylene glycol.
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8. The electrochemical-based sensor of claim 1, wherein the redox polymer is

synthesized by grafting ferrocene carboxaldehyde to polyethyleneimine (PEI);

9. The electrochemical-based sensor of claim 1, wherein the redox polymer has a

molecular weight of greater than 10 kg mol-1 (10,000 Daltons).

10.  The electrochemical-based sensor of claim 1, wherein the redox enzyme has a

molecular weight of greater than 5 kg mol-1 (5,000 Daltons).

11.  The electrochemical-based sensor of claim 1, wherein the electrode is a working

electrode.

12. The electrochemical-based sensor of claim 1 further including a working

electrode.
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