
PATENT  Attorney Docket No.: DDI-5045 IONIC HYDROPHILIC HIGH MOLECULAR
WEIGHT REDOX  POLYMERS FOR USE IN ENZYMATIC ELECTROCHEMICAL-BASED SENSORS
BACKGROUND OF THE INVENTION  1. Field of the Invention 100011 The present
invention relates, in general, to sensors and, in particular,  to enzymatic
electrochemical-based sensors. 2. Description of the Related Art 100021 The
use of enzymatic electrochemical-based sensors that employ a  redox mediator
(e.g., ferrocene) and a redox enzyme (such as glucose oxidase) in
conjunction with an electrode(s) for the determination of an analyte in a
liquid sample  has become of heightened interest in recent years. Such
enzymatic electrochemical- based sensors are believed to be particularly
suitable for continuous or semi- continuous monitoring of analytes (for
example, glucose) in bodily fluid samples (e.g.,  blood or interstitial
fluid samples). For example, enzymatic 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 enzymatic
electrochemical-based  sensors, see, for example, U.S. Patent No.s 5,089,112
and 6,284,478, each of which is  hereby fully incorporated by reference.
100031 Proteins surrounding a redox enzyme's redox center can preclude
direct transfer of electrons from a redox enzyme to an electrode of an
enzymatic  electrochemical-based sensor. Therefore, in typical enzymatic
electrochemical-based  sensors, a redox mediator is employed to facilitate
electron transfer between the redox  



enzyme(s) and an electrode(s) of the electrochemical-based sensor. In such a
circumstance, the redox enzyme cycles between oxidized and reduced states,
driven 1 PATENT  Attorney Docket No.: DDI-5045 by the presence of analyte,
the 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. [0004] For enzymatic
electrochemical-based sensors that require long term  stability, such as
continuous or semi-continuous electrochemical-based glucose  sensors, it is
essential that both the redox mediator and the redox enzyme do not leach
away from the vicinity of the electrode. Therefore, it is not desirable to
employ  readily leachable redox mediators (such as readily leachable
ferricyanide,  benzoquinone and low molecular weight quinone derivatives,
ferrocene, low  molecular weight ferrocene derivatives, ruthenium complexes
and osmium  complexes) in enzymatic electrochemical-based sensors. In
addition, if the redox  mediator is a substance that is harmful to humans or
other subjects, leaching of the  redox mediator into a human's or other
subject's body is undesirable and thus to be  avoided. [0005] Furthermore,
the redox enzyme and redox mediator of enzymatic  electrochemical-based
sensors must be able to favorably interact with one another and  the redox
mediator must be able to exchange electrons with an electrode of the
enzymatic electrochemical-based sensor. In other words, the activity of both
the  redox enzyme and redox mediator should be maintained while inadvertent
leaching is  prevented. [0006] To prevent redox mediator leaching, certain
chemical compositions  



wherein redox mediators are chemically attached to redox enzymes have been
proposed for use in electrochemical-based sensors. The redox enzymes of such
chemical compositions can, however, suffer from a deleterious decrease in
enzyme  activity. 2 PATENT  Attorney Docket No.: DDI-5045 100071
Alternatively, redox mediators have also been attached to water- insoluble
synthetic polymer chains, such as polysilozanes, in order to prevent
leaching. However, such chemical compositions suffer from low flexibility,
and thus  a reduced mediation activity, due to their hydrophobic nature. In
addition, the  attachment of redox mediators to water insoluble synthetic
polymer chains does not  directly address the need to prevent leaching of
the redox enzymes employed in  enzymatic electrochemical-based sensors.
[0008] Still needed in the field, therefore, is a chemical composition for
use in  enzymatic electrochemical-based sensors that prevents inadvertent
leaching of both  redox mediators and redox enzymes from the vicinity of the
electrochemical-based  sensor's electrode while maintaining adequate
activity of the redox mediator and  redox enzyme. SUMMARY OF THE INVENTION
[00091 Ionic hydrophilic high molecular weight redox polymers according to
embodiments of the present invention prevent inadvertent leaching of both
redox  mediators and redox enzymes from the vicinity of an
electrochemical-based sensor's  electrode while maintaining adequate
activity of the redox mediator and redox  enzyme. [0010] Ionic hydrophilic
high molecular weight redox polymers for use in  enzymatic
electrochemical-based sensors according to embodiments of the present  



invention include a hydrophilic polymer with ionic portions (e.g., ionic
monomers  incorporated into the hydrophilic polymer backbone) and a
plurality of attached redox  mediators. The redox mediators can be, for
example, covalently attached to the  hydrophilic polymer in a pendant
manner. 3 PATENT  Attorney Docket No.: DDI-5045 [0011] The molecular weight
of the ionic hydrophilic redox polymer is  sufficiently high that the redox
polymer has a strong affinity towards, is readily  immobilized on, is
readily incorporated in, and/or readily entrapped in the vicinity of  an
electrode (e.g., a carbon-based working electrode) of an enzymatic
electrochemical-based sensor. Therefore, the typical molecular weight of
ionic  hydrophilic redox polymers according to the present invention is
greater than 16  Kg/mol. [0012] The ionic nature of ionic hydrophilic high
molecular weight redox  polymers according to embodiments of the present
invention fosters a strong  association with charged redox enzymes (such as
glucose oxidase). This strong  association both minimizes leaching of the
redox enzyme and fosters activity between  the redox enzyme and the redox
mediator. [0013] Ionic hydrophilic high molecular weight redox polymers
according to  embodiments of the present invention can be synthesized by,
for example, free radical  co-polymerization of a mediator-containing
monomer (such as vinyl ferrocene (VFc)),  a hydrophilic monomer and an ionic
monomer. In such a synthesis, the hydrophilic  monomer can be employed to
synthesize a major portion of a hydrophilic polymeric  backbone within the
redox polymer. The hydrophilic nature of the resulting ionic  hydrophilic
high molecular weight redox polymer provides for swelling and/or  solubility
of the ionic hydrophilic high molecular weight redox polymer in an aqueous  



solution (such as an aqueous bodily fluid). [0014] The use of an ionic
monomer results in the incorporation of an ionic  portion (i.e., a charged
functionality) in the ionic hydrophilic high molecular weight  redox
polymer, while the use of a mediator-containing monomer results in a
mediator  being attached to the ionic hydrophilic high molecular weight
redox polymer. 4 PATENT  Attorney Docket No.: DDI-5045 BRIEF DESCRIPTION OF
DRAWINGS [0015] 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:
[0016] FIG. I is a simplified schematic representation of an exemplary
embodiment of an ionic hydrophilic high molecular weight redox polymer
according  to the present invention in the vicinity of a redox enzyme and an
electrode of an  enzymatic electrochemical-based sensor; [0017] FIG. 2 is a
simplified representation of a reaction sequence for  synthesizing an ionic
hydrophilic high molecular weight redox polymer according to  an exemplary
embodiment of the present invention; [0018] FIG. 3A represents a transient
current response of an enzymatic  electrochemical-based glucose sensor that
included a cationic hydrophilic high  molecular weight redox polymer
according to an exemplary embodiment of the  present invention tested with
sequentially spiked boluses of glucose; and [0019] FIG. 3B is a calibration
curve corresponding to the transient current  response of FIG. 3A. DETAILED
DESCRIPTION OF THE INVENTION 



[0020] 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 "redox enzyme" refers to
biochemical capable of specifically  catalyzing the oxidation or reduction
of a substrate molecule. 5 PATENT  Attorney Docket No.: DDI-5045 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 "redox polymer" refers to a polymer that has been
synthesized or  modified (e.g., derivatized) to include at least one redox
mediator. [0021] FIG. 1 is a simplified schematic depiction of a cationic
hydrophilic  high molecular weight redox polymer 100 for use in enzymatic
electrochemical-based  sensors. FIG. 1 depicts cationic hydrophilic high
molecular weight redox polymer  100 in the vicinity of an electrode (E) of
an enzymatic electrochemical-based sensor  and a negatively charged redox
enzyme (RE). The negative charge of redox enzyme  RE is depicted by "-"
symbols in FIG. 1 while a redox center of redox enzyme RE is  depicted by a
capital "A." [00221 Cationic hydrophilic high molecular weight redox polymer
100  includes a hydrophilic polymer backbone 110 with ionic portions 120
(depicted by the  "+" symbols in FIG. 1) and a plurality of attached redox
mediators 130 (depicted by  the "M" symbol in FIG. 1). Once apprised of the
present disclosure, one skilled in the  



art will recognize that although cationic hydrophilic high molecular weight
redox  polymer 100 and hydrophilic polymer backbone 110 are both hydrophilic
when  considered as a whole, ionic portions 120 and redox mediators 130 need
not  necessarily be hydrophilic. [00231 The molecular weight of cationic
hydrophilic high molecular weight  redox polymer 100 is typically greater
than 16 Kg/mol. In this regard, it should be  noted that a relatively high
molecular weight does not necessarily lead to a permanently high affinity
between a cationic hydrophilic high molecular weight redox  polymer and an
electrode. However, for the circumstance where the cationic  hydrophilic
high molecular weight redox polymer is not entrapped in the vicinity of an 6
PATENT  Attorney Docket No.: DDI-5045 electrode, high molecular weights are
associated with relatively slow dissolution rates  and beneficially slow
leaching. [0024] Hydrophilic polymer backbone 110 can be formed from any
suitable  hydrophilic polymer(s) known to those skilled in the art. For
example, hydrophilic  polymer backbone 110 can be formed from a hydrophilic
acrylamide monomer  (AAM). Alternative hydrophilic monomers suitable for use
in embodiments of the  present invention include, but are not limited to,
hydrophilic monomers with a  polymerizable acrylate or vinyl group, such as
hydroxyethyl methacrylate, glycerol  methacrylate, N-vinylpyrrolidinone and
N-isopropylacrylamide. [0025] Ionic portions 120 can be any suitable ionic
portions known to those of  skill in the art including, for example,
cationic units (e.g., monomers) incorporated to  hydrophilic polymer
backbone 110. Suitable cationic monomers include, but are not  limited to,
[2-(acryloyloxy)ethyl]trimethyl ammonium chloride (AETMAC). Alternative
cationic monomers suitable for use in the present invention include  



quaternary ammonium cationic monomers and tertiary ammonium cationic
monomers, such as (3-acrylamidopropyl) trimethyl ammonium chloride, [3-
(methacryloylamino)propyl]trimethyl ammonium chloride,
[(2-methacryloyloxy)ethyl]  trimethyl ammonium chloride, vinylbenzyl
trimethyl ammonium chloride, 2- (dimethylamino)ethyl methacrylate and
2-(diethylamino)ethyl methacrylate. [0026] If desired, embodiments of
anionic hydrophilic high molecular weight  redox polymers according to the
present invention can be formed via incorporation of  suitable anionic
portions into a hydrophilic polymer backbone. Suitable anionic  portions
include, for example, carboxylic acid monomers (e.g., acrylic acid,
methacrylic acid, and maleic andhydride monomers). An anionic hydrophilic
high  molecular weight redox polymer can be beneficially employed with a
cationic redox  enzyme. For example, glucose dehydrogenase (GDH) is weakly
cationic at a pH of 7. 7 PATENT  Attorney Docket No.: DDI-5045 [0027] Redox
mediators 130 can be, for example, covalently attached to  hydrophilic
polymer backbone 110 in a pendant manner. Redox mediator 130 can be  any
suitable redox mediator known to one skilled in the art including, but not
limited  to ferrocene (Fc), osmium complexes, quinones, ferricyanide,
methylene blue, 2,6- dichloroindophenol, thionine, gallocyanine and
indophenol. [0028] For determining an analyte (e.g. glucose) in an aqueous
solution (e.g.  blood and ISF), the hydrophilic nature of cationic
hydrophilic high molecular weight  redox polymer 100 facilitates a favorable
interaction between redox mediator 130 and  redox enzyme RE for electron
exchange, as well as a favorable interaction between  redox mediator 130 and
electrode E for electron exchange. In addition, the cationic  nature of
cationic hydrophilic high molecular weight redox polymer 100 enhances
interaction with negatively charged (i.e., anionic) redox enzyme RE. 



[0029] The relatively high molecular weight of ionic hydrophilic high
molecular weight redox polymers according to embodiments of the present
invention  facilitates their use with enzymatic electrochemical-based
sensors in a manner that  prevents inadvertent leaching of the redox
mediator and/or redox enzyme. For  example, the high molecular weight can
facilitate an affinity with an electrode of the  enzymatic
electrochemical-based sensor. [0030] FIG. 2 is a simplified representation
of a simple one-step reaction  sequence for synthesizing an ionic
hydrophilic high molecular weight redox polymer  200 according to an
exemplary embodiment of the present invention. The reaction  sequence
involves the co-polymerization of acrylamide (AAM), vinyl ferrocene  (VFc),
and [2-(acryloyloxy)ethyl] trimethyl ammonium chloride (AETMAC), as  shown
in FIG. 2. The reaction sequence of FIG. 2 is conducted at 70 C using 2.2'-
azobisisobutyronitrile (AIBN) as an initiator. [0031] The ionic hydrophilic
high molecular weight redox polymer 200 that  results from the reaction
sequence of FIG. 2 can have, for example, a high molecular 8 PATENT
Attorney Docket No.: DDI-5045 weight of approximately 110 Kg/mol (measured
as a weight average molecular weight  by gel permeation chromatography
(GPC)). [0032] It should be noted that AAM is employed in the reaction
sequence of  FIG. 2 because AAM has a relatively high chain propagation rate
coefficient that  assists in the formation of a relatively high molecular
weight redox polymer. [0033] In FIG. 2, the relative molar portions of AAM,
VFc, and AETMAC are  represented as m, n and p, respectively. In this
regard, m can, for example, be in the  range of from about 84 to about 99, n
can be, for example, in the range from about 1  to about 6, and p can be,
for example, in the range of from nearly 0 to about 10. 



[0034] The physical conformation of ionic hydrophilic high molecular weight
redox polymer 200 is highly flexible such that portions thereof can
segmentally  diffuse between a redox enzyme's redox center and an electrode
of an enzymatic  electrochemical-based sensor to realize rapid electron
exchange. In this regard, the  term "segmentally diffuse" refers to portions
(e.g., redox mediator containing  portions) that can become solvated and
move about while remaining attached  (tethered) to the ionic high molecular
weight redox polymer. [0035] The cationic portion of ionic hydrophilic high
molecular weight redox  polymer 200 fosters an affinity with negatively
charged redox enzymes (such as, for  example, glucose oxidase). In this
regard, affinity between ionic hydrophilic high  molecular weight redox
polymer 200 and glucose oxidase has been observed in the  form of
flocculation when they were combined in an aqueous solution. Such an
affinity enables rapid electron exchange between the redox mediator and the
redox  enzyme since the ionic charge provides for a close contact with the
redox enzyme's  redox center (also known as the redox enzyme's active
center). Example 1 - Synthesis of an Ionic Hydrophilic High Molecular Weight
Redox  Polymer 9 PATENT  Attorney Docket No.: DDI-5045 [0036] Ionic
hydrophilic high molecular weight redox polymer 200 of FIG. 2  was
synthesized by a free radical co-polymerization using a reaction solution of
1.8 g  of acrylamide (AAM), 0.7 g of 80% [2-(acryloyloxy)ethyl]trimethyl
ammonium  chloride (AETMAC), 0.3 g of vinylferrocene (VFc), and 0.03 g of
2.2'- azobisisobutyronitrile (AMEN) in a 40 mL mixture of dioxane and
ethanol (1/1 v/v).  The reaction was performed in a round bottom flask.
[0037] Before initiating the reaction, the reaction solution was
deoxygenated  



by bubbling nitrogen for one hour. The reaction solution was then heated to
70 C in  an oil bath for 24 hours with continuous magnetic agitation under a
nitrogen atmosphere. The resulting polymer precipitates were filtered off
and repeatedly  washed with acetone to provide a purified sample of ionic
hydrophilic high molecular  weight redox polymer 200. The purified sample
was subsequently dried in an oven at  50 C. [0038] Relatively low molecular
weight portions of the purified and dried  sample were then eliminated
through dialysis against de-ionized water. The dialysis  employed a
cellulose membrane dialysis tubing with a molecular cutoff of 16 Kg/mol.
Example 2 - Preparation of an Enzymatic Electrochemical-Based Glucose
Sensor Electrode Employing an Ionic Hydrophilic High Molecular Weight  Redox
Polymer [0039] An enzymatic electrochemical-based glucose sensor electrode
was  prepared by applying 0.5 L of a 1% (w/v) aqueous solution of ionic
hydrophilic high  molecular weight redox polymer 200 (prepared as in Example
1 above) onto a carbon  electrode (2.25 mm X 2.25 mm in size) followed by
drying in an oven at 50 C for  about 5 minutes to form a redox polymer
coated electrode. Next, 1 L of a 10% (w/v)  glucose oxidase solution in
phosphate buffered saline (PBS) was applied to the redox  polymer coated
electrode and then dried in the oven at 50 C for 10 minutes. 10 PATENT
Attorney Docket No.: DDI-5045 [0040] A solution containing 52 mg of
polyethylenimine (PEI) and 106 mg of  poly(propylene glycol) diglycidyl
ether (PPGDGE) was mixed in 1 mL 2-isopropanol.  Next, 0.8 L of the
PEI/PPGDGE mixture was applied to the electrode prepared as  described
immediately above and dried in the oven at 50 C for 30 minutes. The PEI  and
PPGDGE formed a cross-linked dialysis membrane which retained ionic 



hydrophilic high molecular weight redox polymer 200 and the glucose oxidase
(a  redox enzyme) in the vicinity of the electrode whilst allowing small
molecular weight  analytes, such as glucose, to penetrate therethrough.
Example 3 - Testing of the Enzymatic Electrochemical-Based Sensor Electrode
of Example 2. [0041] The electrochemical glucose sensor electrode of Example
2 was tested  as a working electrode in a three-electrode sensor system in
PBS over a glucose  concentration range from 0 mM to 15 mM. The
three-electrode sensor system  included a working electrode, counter
electrode and reference electrode. [0042] The working electrode was poised
at 300 mV vs Ag/AgCl with the  three-electrode sensor system open to the
atmosphere at room temperature and under  gentle magnetic agitation. Boluses
of a concentrated glucose solution were  periodically added to the PBS to
increase the glucose concentration of the PBS. FIG.  3A shows that the
current of the three-electrode sensor system increased rapidly and  then
reached plateaus following the addition of each bolus. [0043] The working
electrode was also tested continuously for ten hours at 15  mM of glucose
(not shown in Fig 3A) and exhibited a current response decline of only
about 17%. Such a response is a dramatic improvement in long-term
measurement  stability compared with enzymatic electrochemical-based sensors
employing small  molecular redox mediators. II PATENT  Attorney Docket No.:
DDI-5045 [0044] FIG. 3B is a calibration curve corresponding to FIG. 3A
depicting  current response versus glucose concentration. This calibration
curve is  approximately linear in the range between 2 mM and 15 mM. [0045]
Ionic hydrophilic high molecular weight redox polymers according to  



embodiments of the present invention can be easily synthesized. In addition,
the  molecular weight, ionic properties and physical conformation can be
adapted to  provide for a high electrode affinity and redox activity (for
example, fast electron  transfer with redox enzymes). [0046] It should be
understood that various alternatives to the embodiments of  the invention
described herein maybe employed in practicing the invention. It is  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. 12 PATENT  Attorney Docket No.: DDI-5045 CLAIMS WHAT IS
CLAIMED IS: 5 1. An ionic hydrophilic high molecular weight redox polymer
for use in  enzymatic electrochemical-based sensors, the ionic hydrophilic
high molecular weight  redox polymer comprising: a hydrophilic polymer that
includes ionic portions; and  a plurality of attached redox mediators, 10
wherein the molecular weight of the ionic hydrophilic high molecular weight
polymer is greater than 16 Kg/mol. 2. The ionic hydrophilic high molecular
weight redox polymer of claim 1,  wherein the hydrophilic polymer is a
hydrophilic polymer backbone. 15 3. The ionic hydrophilic high molecular
weight redox polymer of claim 2,  wherein the hydrophilic polymer backbone
is formed at least partially from a  hydrophilic acrylamide monomer (AAM).
20 4. The ionic hydrophilic high molecular weight redox polymer of claim 2,



wherein the hydrophilic polymer backbone is formed at least partially from
at least  one of hydrophilic monomers with an acrylate polymerizable group
and hydrophilic  monomers with a vinyl polymerizable group. 25 5. The ionic
hydrophilic high molecular weight redox polymer of claim 2,  wherein the
ionic portions are incorporated in the hydrophilic backbone and the redox
mediators are covalently attached to the hydrophilic polymer backbone in a
pendant  manner. 30 6. The ionic hydrophilic high molecular weight redox
polymer of claim 1,  wherein the ionic portions are cationic portions. 13
PATENT  Attorney Docket No.: DDI-5045 7. The ionic hydrophilic high
molecular weight redox polymer of claim 1,  wherein the ionic portion is
formed of [2-(acryloyloxy)ethyl]trimethyl ammonium 35 chloride (AETMAC). 8.
The ionic hydrophilic high molecular weight redox polymer of claim 1,
wherein the ionic portion is formed of at least one of a quaternary ammonium
cationic  monomer and a tertiary ammonium cationic monomer. 40 9. The ionic
hydrophilic high molecular weight redox polymer of claim 1,  wherein the
redox mediator is ferrocene (Fc). 10. The ionic hydrophilic high molecular
weight redox polymer of claim 1,  45 wherein: the hydrophilic polymer is a
hydrophilic polymer backbone formed at least  partially from hydrophilic
acrylamide monomer (AAM); the ionic portion is formed at least partially
from [2- (acryloyloxy)ethyl]trimethyl ammonium chloride (AETMAC)
incorporated in the  



50 hydrophilic polymer backbone; and the redox mediator is ferrocene (Fc)
covalently attached to the hydrophilic  polymer backbone in the form of
vinyl ferrocene (VFc). . 11. The ionic hydrophilic high molecular weight
redox polymer of claim  55 10, wherein the molecular weight is approximately
110 Kg/mol. 12. The ionic hydrophilic high molecular weight redox polymer of
claim  10, wherein the relative molar portion of AAM is in the range of
about 84 to about 99,  the relative molar portion of VFc is in the range of
about Ito about 6 and the relative  60 molar portion of AETMAC is in the
range of from nearly zero to about 10. 14 PATENT  Attorney Docket No.:
DDI-5045 13. The ionic hydrophilic high molecular weight redox polymer of
claim 1,  wherein the ionic portion is formed of a carboxylic acid monomer.
65 14. The ionic hydrophilic high molecular weight redox polymer of claim 1,
wherein the ionic hydrophilic high molecular weight redox polymer is a
cationic  hydrophilic high molecular weight redox polymer. 15. The ionic
hydrophilic high molecular weight redox polymer of claim 1,  70 wherein the
ionic hydrophilic high molecular weight redox polymer is an anionic
hydrophilic high molecular weight redox polymer. 15 


