1 ONI C HYDROPHI LI C Hl GH MOLECULAR WEI GHT REDOX PCOLYMERS FOR USE | N ENZYMATI C
ELECTROCHEM CAL- BASED SENSORS BACKGROUND OF THE I NVENTION 1. Field of the
“Invention [0001) The present invention relates, in general, to sensors and,
in particular, to enzymatic el ectrochem cal -based sensors. 2. Description
of the Related Art [0002] The use of enzymatic el ectrochem cal - based sensors
that enploy a redox nediator (e.g., ferrocene) and a redox enzyme (such as
(glucose oxi dasghnye HY’BEG(;;PML HGH Lﬁtqmﬁckwﬁbﬁﬁ Bexdet ermi nation -
of an analy f ) b I t in
recent yeargélgt}gﬁﬂeéngéna S@ e @(\:I?&EM &%ﬁgebasegﬁ?ehﬁggrs'g}r&gt?zl ieved to
- be particularly suitable for conti _ sem - continuous nonitoring of
anal ytes (for exanple, glucose) in bodily fluid sanples (e.g., blood or
interstitial fluid sanples). For exanple, enzymatic el ectrochem cal - based

gl ucose 'sensors enploying a redox nediator, a redox enzyne and a working

el ectrode can determne (i.e., neasure) glucoseconcentration using
relatively low potentials (e.g., less than 0.4 V vs SCE), thereby limting
any interfering responséBACKGROINOKTHE ENEENTIEN For a further :

descriptign OfdeP ynatic el ectrochenical -based sensors, see, for exanple,

U S. Pate t—@—@é—gﬂw . CoRPMMIOD and 6, 284, 478, each of which is . hereby fully:

i ncor por a y ref ) [: ei: r i g d yme's
redox cont G Bl or EEBSentj R Ron FHkE R Bl R LB enzyme
to an el e¢s egRant cRbtrédhei®l ibascdekrwis. ocheni cal - based sensor. Therefore, in
typi cal enzymatic el ectrochem cal -based sensors, a redox nediator is

enpl oyed to facilitate el ectron transfer between the redox enzyme(s) and an

eIectrode&;&kg&ﬁ%ﬂ%cﬁh%ﬁk&g% §G}cal-based sensor. In such a

[0002] The use of enzymatic electrochemical-based sensors that employ a
redox mediator (e. g., ferrocene) and a rédox enzyme (such as glucose ,oxidase) in
conjunction with an electrode(s) for the detenninatidn 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 suitablé for continuous or semi-
continuous monitoring of analytes (fof example, glﬁcose) in bodily fluid samples (e.g.,

" blood or interstitial fluid samples). For ex'a‘mple, enzymatic electrochemical-based
glucose 'sénsors employing a redox mediator, a redox enzyme and a working electrode
can determine (i.e., measure) glucose concentration using relatively low pbtentials
(e.g., less than 0.4 V vs SCE), thereby h'miting any interfering responses, at the

| working electrode. For a further description of enzymatic electrochemical-based
sensors, see, for éxample, U.S. Patenf No.s 5,089,112 ‘a:r‘ld 6,284,478, each of which is
‘hereby fully incorporated by reference.

[0003] Proteins surrounding a redox enzyme’s redox center can preclude
direct transfer of electrons from a redox enzyme to an electrode of an eniymatic
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



circunstance, the redox enzyme cycl es between oxi di zed and reduced st at es,
driven by the presence of analyte, the redox nediator and a surface of the
el ectrode. The net result of such cycling is that electrons are either
accepted or donated at the surface of the electrode while the redox enzynme
essentially maintains its original oxidation state and catalytic
characteristics. [0004] For enzymatic el ectrochem cal -based sensors that.
require | 99%é&éé@hﬁ:e’%@a@ia&h&,thel%H&bm%ﬁia?&%ﬂ BURMScef tREBlec QIR ITHEQUS

el ectrochem cal - based gl ucose sensors, it is essential that both the redox
medi at or aesdlt bfiencheyokngenzlateladtoomoire et accepralyorfdonntetl hetheisuifadetof of t he

el ectrode. Therefore, it is not desirable to enploy .readily ]eachable redox
medi at or s Hesiliearode whals dhg pde srgyats ssseEalhc (RakitelBs 1tS pRERBIRNICRIeE stfkl | ow
mol ecul ar a@ﬂg&&ﬁ%ﬁ}g&é (?JCE vatives, ferrocene, |ow nolecular weight
ferrocene derivatives, ru &ni um conpl exes and osm um conpl exes) in
enzymati c el ectrocheni cal -based sensors. In addition, if the redox nediator
is a substance that is harnful to humans or other subjects, |eaching of the
redox medil@@08t i nt o Far panysntis etectrochverical bbjedsensorhbdiraquire mgdénmabl e and
thus to be .ayvoided. [0005] Furthernore, the redox. e nd redox nedi ator
of - eyt EGISBE FARBA O BB RO R EEY SSHTE R Bis AOTET EBRPR o abl

| nt eract %ﬁsBﬁ‘Pﬂ‘?s e th ?BSJtP tﬁfﬁd&fﬁ%ia@%&fﬂg reHbB?E?lzgfﬂea&H ﬁgq&chchange
electrons wth an el ectrode of the enzymatic el ectrochém cal -based sensor.
| n ot her \wandéont the vidhitwe ftite olectbaich Thesforegidl ot dzgiradlatocnpdeiox nedi at or
shoul d be maintained while i nadvertent | eaching is_ prevented. [0006] To

‘prevent r &Ry Msghailoredos madiaters (Rehrarsaddnlaashable e5igy88i1dei ons  wherein
d di 2 ' I ; e haye b d
for use i heuanrPBEAEELFS s s BRI B RS RERE IR B "eten PO

chem cal GIRAWRER f66bend OWRMERes, SithéBimicoamplcked eh®bgRiugls decrease in
enzyne '

-

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 énzyme 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 electroéhemical-based sensors. The redox enzymes of such
chemical compositions can; however, suffer from a deleterious decrease in enzymek

activity.



activity. 2 [0007] Al ternatively, redox mediators have al so been attached to

wat er- insoluble synthetic polyner chains, such as polysilozanes, in order
to prevent |eaching. However; such cheni cal conpositions suffer froml ow
flexibility, and thus a reduced medi ation activity, due to their

hydr ophobi ¢ nature. 1n addition, the attachnment of redox nediators to water
i nsol ubl e synthetic pol yner chains does not ~directly address the need to

prevent | gggyng of Ajhend tﬁégxre%%mmgm%fem% bbn BAZHHTD ater-

el ectrochem cal - based senso [0008] Sti needed in the field, therefore,

is a chenumﬂhmmdmdeMbpohmkmmhmsgsud1manﬂyﬁmzmmsehemdmm@pﬁwmdal based

sensors that prevents inadvertent |eaching redox nedi ators and
redox enzySRSBINE: SloPeNer, Fidy qhe{rycaépoma@@r@éﬂff%ﬁ@mIewﬂe?s%léfd anddiuor ' s

el ectrode h i at or and
redox enz f‘#@d&%ﬁ%&%ﬁ%@%%@?ﬂﬁ@%ﬁﬁ %%ﬁ%cfﬁf ﬁ%hf]\lltec &géﬁ ’Tﬁ?c hi gh

mol ecul ar awedtGkdnt bEFRASx BRAIIEMGE $o %&9[ﬂblﬁlﬁlets‘ynth@ﬁ@pﬂllyﬂ@ﬂéﬁalﬁ ddeB@otor esent

i nvention prevent inadvertent |eaching of both redox nediators and redox

enzymes f rdogethhaddvéss ithe tepd o6 pawemlle@hmgcdfehn sdbx besyewssapdayeddn el ect r ode

whi | e maintai nin ade uat e th% of the redox mediator and redox enzyme.
[ 0010] Ioﬁ?l?:ylﬂ%}’(‘fr%?ﬂtﬁ fifmﬁf”g@? PfPar wei ght redox polymers for use in

enzymati c el ectrochem cal - based sensors accordi ng to enbodi nents of the
present invention include a hydrophilic polymer with ionic portions (e.g.,
ioni c Nnonqo®o8y i nc@titlateati @blini the Aeldhtherefsie oiphichemidabtompasitivmcisbageeh and a
plurality of attached redox nediators. The redox nediators can be, for
exanpl e,  covANitalsciechapisaldbased samsors et pepyRntsileadyeTigrieaching o peidant

MANNEr.  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

[0009] Tonic 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 Vicihity of an electrochemical-based sensor’s
electrode while maintaining adequate activity of the redox mediator and redox

enzyme.

[0010] Tonic hydrophilic high molecular weight redox polymers for use in
enzyinatic electrochemical-based senéors according to embodiments of the present
invention include a hydrophilic polymer with iOﬁicrportions (e.g., ionic mondmers
incorporated into the hydrophilic polymer backbone) and a plurality of attachéd redox
mediators. The redox mediators can be, for example, covalently attached to the

hydrophilic polymer in a pendant manner.



3.10011] The nol ecul ar wei ght of the ionic hydrophilic redox polyner is
sufficiently high that the redox polyner has a strong affinity towards, is
readily imobilized on, is readily incorporated in, and/or readily
entrapped in the vicinity of an electrode (e.g., a carbon-based worKking

- el ectrode) of an enzymatic el ectrochemi cal -based sensor. Therefore, the
typical nolecul ar weight of ionic hydr ophilic redox polyners according to

the presepjorppventi g u@aﬁ‘tv@erl &Q?ﬁhégnlcggéf@hrl clr88hhoragr fsoni ¢ nature of

ionic hydrophilic high nolecular”wei ght po ynmers accorﬁlng to
enbodi menssffiofentlhtighrieain redox ealynen hbos steong adfisity omgrdsasseadibt i on Wit h

charged redox enzynes (such as glucose oxidase). This strong .association
bot h™ ni ni HpeRilZ emlﬁgeaé¥lym@r90é%téd<lrbﬁlz§/%rea ?rsgapaﬁélra@ﬁivwmqufet ween

the T edox ORMIEIALT IS ARYLA Slical ORF3] ol 901Gy dr ophi 11 c i gh

nmol ecul ar "wei g ners accor |nen s of the present

i nvention eréa@oé}ﬁnﬁw%aw séﬁsd)r bYhedefre QK@fﬂpicﬁl mbleRelaf Wé[%ﬁﬁibflomc
co-pol yneri zati on of a nedi at or-contai ning nononer (such as vinyl ferrocene

(VFc)), aydrpphibipmédoxpolpnesreecoadidg mthue@mscntrmvmn is greatsuitand 6synt hesi s,

t he hydroggyll nmononer can be enployed to synthesize a major portion of a
hydr ophi | i yneric backbone within the redox polyner. The hydrophilic
nature of the resulting ionic hydrophilic high nolecular weight redox

pol ymer provides for swelling and/or solubility of the ionic hydrophilic
hi gh nol eqe0iay wei giihe i@doxnatpel oftfetic hpdi@phidiq héghiisolesalatitveipht {eflich as an
aqueous bodily fluid [0014] The use of an ionic nononer results in the

i ncor por appb’ﬁle@? acgrdiRgrioembagdimenss of the @resen 1@1*%1@@&05‘:@@&5%%@ ity) in the
ioni c hydro

| h f
medi at or - 5‘8 }lﬂ?ﬁ’éth%gﬁf&?%?e égeh?%leﬁgﬁaﬁwﬁg&g COF%PXI% ng gttggéeg ;J iet (r)\e :
i oni ¢ hydieRbiatibs bhhGHiniRZe¢ 1hatinVeF Ql@tredo%%éyrﬁe bﬂdrﬁfsters activity between

the redox enzyme and the redox mediator.

[0013] Ionic hydrophilic high molecular weight redox polymers according to.
embodiménts of the present invention can be synthesized by, for example, free radical
co;polyInerization 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 emplbyed to synthesize a major portioﬁ of a hydrophilic polymeric
backbone withiﬁ the redox polymer. The hydrophilic nature of the resulting ionic
.hydrophilic high molecular Wéight 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 functionaiity) 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 BRI EF DESCRI PTI ON OF DRAW NGS 10015] A better understanding of the
features and advantages of the present invention will be obtained by
reference to the follow ng detailed description that sets forth
illustrative enbodi ments, in which principles of the invention are utilized,
and the acconpanying drawi ngs of which: [00161 FIG 1 is a sinplified .
schematic representation of an exenplary . enbodi nent of an ionic hydrophilic

hi gh nol ecul ar wei ght r ERIEPDRSCRIEION OFORAWINGS present invention in
the vicinity of a redox enzyne and an el ectrode of an enzymatic '

~ el ectrochem cal -based sensor; [00171 FIG 2 is a sinplified representation
of a react] sequengc or .synthesi zjng an ionjc, hydrophilic high nolecul ar
wei ght red@@%&ol ymtAg??%SﬂlBiiﬂétaF‘gng Qﬁ{h@&?rtr’}‘fleé %%Hgﬁi%{t{l%?m? present

| nvent i ol S Wi bCobifhol SRTERRRES otnt FAIBHAR LeGild ERbrfRINRASELO! an
enzymatic el ectrochem cal -based gl ucose sensor that inc ed a cationic
hydr ophi | ifertlnillyletrativel eachddaments,i ig thictestincigded ofitee irventisrdaragtitivedaan@éxenpl ary
enbodi nent_ of the present invention tested with sequentially spiked bol uses
of gl ucosdhe agsempapyIng drapaes3B Whicls cal i bration curve corresponding to the

transi ent reent response_.of ..El A._.DETAl LED .DESCRI PTI OF THE
e o BT 1o H G B PR ol b PR BB, BT Cot i on and

for clear enfbodRicnt ansh @icChydrbihiRs BISE Rloldon e Mdigh redoteol@hdrtdgingef i ni ti ons

‘are hereby provided for terns used therein: The term"redox nediator”

ref ers to tathe preseni inuéntioni ivthe vapéploéa oddoxendpneaidan eestedigof kon (accept i ng
oxi dation (donation of an electron(s)) with both an

ol et rode SHTTHEATac BT ERGRBRTAD: |
[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 sequentiaily spiked boluses of glucose; and
| [0019] FIG. 3B is a calibration curve corresponding to the transieﬁf current

response of FIG. 3A.
DETAILED DESCRIPTION OF THE INVENTION

[0020] To be consisfent throughout the present speéiﬁcation 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 électron(s)) or oxidation (donation of an
eléctron(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.




The term "redox enzyne" refers to biochem cal capable of specifically

catal yzi ng the oxidation or reduction of a substrate nolecule. 5 The term
"hydrophilic" refers to any chem cal species or subgroup wi-th a high
affinity for water or aqueous solutions. Therefore, a hydrophilic conpound
will tend to be attracted to, dissolve in, or be absorbed in water or an.
aqueous solution. The term"redox polyner" refers to a polyner that has been
synt hesi zed or nodified (e.g., derivatized) to include at |east one redox
mediator. [0021] FIG 1 is a sinplified schematic depiction of a cationic
‘hydrophilic hildghtersl ‘Sydiophiliegirefars tp edy shepoicsirspecig0E subgroupavithre gy mat i ¢
el ectrochepm cal - based sensors. FIG depi ct.s cati.oni c _hydrophili.c high
nol ecul ar TYHPT VREHY HBEOWEOUIES: iTﬁerteﬁ’Ee’\?i tbyidﬁ(?pﬁhwco Orﬁﬁ%é‘péz@prt%’ge (E) of
an enzyma ] icak.- i char ged redox
nzyme (R 5 B B B v e R Vo e by o
synbol s i n FI Glhetewhi"tetlog poBaaex" et ey a pblymetthat kasdyes®e syrfthé¢sizeddepi ct ed by a
capital "A" [0022] Cationic_hydrophilic high nolecular weight redox polyner
100 i ncl uepdsfied (yeardspmntiaed) fongivee atlsesk ponecdes mediaior i oni ¢ portions 120
(depicted by the "+" synbols in FIG 1) and a plurality of attached redox
nmedi ators 130 (depicted by the "M synbol in FIG 1). Once apprised of the

present diggd1psure, raael sid dilPHfibdsdhRMatiaBépiviidd off La@igRicaS didpatlical t hough
cationic hydrophilic high nol ecul ar wei ght redox pol yner 100 and

hydr ophi | ihighpoblgender weightoedex pdligmar E0bfer hspdmephiti eecttrshemizahbisdér ed as a
whol e, ionic portjions 120 and.redox diators 130 need not ecessarily be
nyar ophi | PesoPodat) T St shier B ReRGR Pt g G SRy BRGpPRRE: b oh

mol ecul ar ekOM vidiffes BOLYIRIe HPof & d¥ PR bikciticRathRll-bhRE shoKa/ Mol . In
this regarg,6 I?t s}%c}ﬁ'lq}g ji)e noteg%tﬁﬁ%t a rg?‘lglt%% ve?ycﬁi g arm eca%lg? wei ght ;
does not nedessgdtively dhemdd ra@lox 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.”

[0022] Catiohic hydrophilic high molecular weight redox polymer 100
includes a hjdrophilic polymer backbone 1 10 with ionic portions 120 (depicted by the
“+” symbols in FIG. 1) and a plurality of attached redox mediators 130 (depicted by
the “M” sylmbolr 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.

[0023] The molecular weight of cationic hydrophilic high molecular weight
redox polj}mer 100 is typically greater than 16 Kg/mol. In this régard, 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 circumstahce where the cationic

hydrophilic high molecular weight redox polymer is not entrapped in the vicinity of an



permanently high affinity between a cationic hydrophilic high nolecul ar
‘wei ght redox polyner and an el ectrode. However, for the circunstance where
the cationic hydrophilic high nol ecular wei ght redox polyner is not
entrapped in the vicinity of an 6 electrode, high nolecular weights are
associated with relatively slow dissolution rates and beneficially slow
| eachi ng. [0024] Hydrophilic pol yner backbone 110 can be fornmed from any
suitable i : : G | i For
oAl o, o o P e s ophi 11 ¢
“acryl am dendbamfieially hAMeackihg.er nat i ve hydrophilic nononers suitable for use
in enbodi nents of the present invention include, but are not limted to,
hydr ophilic nonomers with a polynerizable acrylate or vinyl group, such as
hydr oxyet t hacryl o r.ol t ryl vi nyl pyrr.olidi none and
N-i soprop ?fgzgﬁ | am (%’d?%lgg]ig#éﬁ oﬁl?%acggg%h@g)sc\éﬁ%?%%%db%&é%@%ﬂ%? !’fbl e ionic
portions kRawphilie pol@s@ () knowk td thobdskilgl idlthe arfCRodxAthpld, B deyRiMmB! e,
cationic units (e.g., nonomers) incorporated to hydrophilic polyner
backbone PolymeBhiatkbohe 1tGtarod formed oershydiephildeacriplamide monaner |inmited to,
[ 2- (acryl gyl )yerthyl 1trimethyl anmmoni um.chl ori de (AETMAC). Alternative
Lo ot ol XaRRY) B IRl Raet bl otos ke frarahents ptFda
guat er nar L4 alll : iar: ' tionic
Kl g i Sl PR T R
(et hacr ylpoysmestizabl pegiyté bt vinpkdrbyy, sachastiydroxgbthyt indthacrylate, glycerol
[ (2-met hacry| oyl oxy)ethyl] trimethyl anmoni um chloride, vinylbenzyl
trimet hyl Tegtasaylais Uhiieylpgeolibuoneandt-Hop@wRylsey&Hde net hacryl ate and
2- (di et hyl am no) et hyl nethacrylate. [0026] I|f desired, enbodi ments of
ani oni ¢ hydrophilic high nolecul ar weight redox polynersaccording to the
present i Mgers]i on CavniboftneBA0 vhdbd AR dRO poHtions khdvabloathaddl g C
portions into a hydrophilic polynmer backbone. Sui?abl e anionic ,

~skill in the art including, for example, cationic units (e.g., monomers) incorporated to

- hydrophilic polymer backbone 110. Suitablé cationic monomers include, but are not
limited to, [2-(acry10y10xy)ethyl]trifnethyl ammonium chloride (AETMAC). S
Alternative cationic monomers suitable for use in the present invention include
quaternary émmonium cationic monomers and tertiary ammonium cationic
mononiérs‘, such as (3-acrylamidopropyl) trimethyl ammonium chloride, [3-
(methacryloylamino)propyl]trimethyl ammonium chloride, [(2-methacryloyloxy)ethyl]
trimethyl ammonium chloride, vinylbenzyl trimethyl ammonium chloride, 2-

(dimethylémino)ethyl methacrylate and 2-(diethylamino)ethyl methacrylate.

[0026] If desired, embodiments of anionic hydrophilic high molecular weight
redox polyrnérs according to the present invention can bé formed via incorporation of
suitable anionicrportionsfinto a hydrophilic poiymer backbone. Suitable anionic
pé_rtions include, for example, qarboxylic acid monorﬁers (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.



- portions include, for exanple, carboxylic acid nononers (e.g., acrylic acid,
nmet hacrylic acid, and mal efi ¢ andhydri de nononers). An anionic hydrophilic
hi gh  nol ecul ar wei ght redox pol ymer can be beneficially enployed with a
cationic redox enzyne. For exanple, glucose dehydrogenase (GDH) is weakly
cationic at a pHof 7. 7 [0027] Redox nediators 130 can ‘be, for exanple,
covalently attached to hydrophilic polymer backbone 110 in a pendant

~manner . Regix] medi aRedox gediatiis D0 cabe, StickapR, QaRntlIFRetheHeato known to one
skilled in the art including, but not imted to ferrocene (Fc), osm um

conpl exeshydjoplbepslymcebadkbyani tein apsdgntenanngt. Uedox, eedigfior h¥ Geasi bedophenol

o o bl P Rl B0 RUSPRET Sl w  b Sh BEr  R B DS o 1

-

nature of i RiroamcqFOY dRRhi éérﬁpl@&&[‘qﬁ%ﬁe%yfeﬁ"i%%%fd&hﬁlethgﬁﬂé"61&30&,5!"3r 100

facilitates a favordble i1 nteraction between r x medi ator 130 ‘and redox
enzynme REdichlor@hégiheosl, thatiaggalloganinelahd arlophdml.or abl e i nteracti on bet ween
redox medi ator 130 and el ectrode E for electron exchange. In addition, the
cationic nature of cationic hydrophilic high nolecular weight redox polyner

100 enh int i it h ively ch d (] i.oni d
enzyne Re0R8b20) TR SeRhbd A S G efERLT Rl dlons BURMER G ophi 1 ¢
hi gh nol 8¢l and Y&F)Oihe h?@?@hilwaﬁi’f@ b8 cARAR IidRephi I 18ah a1 ocMr Sve@dhtt he

Ita

present invention facilitates their use with enzymatic

el ect r ochegdor @olyzes 4 0 Sxonlitetes aifavogabie miemctidrdietwganaedont meiliatod 80 eedht

| eaching of, the red iator apd/or redpx epz For ex | e, the high
ol ccul ar SN GRETGAAEAERFY 1o BERERT 19 WL 3 SRR BIeEaet P8 QeGP e
enzymat i C &l GhdipaberBocla R sete BaBPAEetrdnddeRings! & gddiﬁ?ri’} thid EPohic! ed
-representation of a sinple one-step reaction sequence for synthesizing an
i oni ¢ hydnatptd dficatibmighydmobkitialhigh melegiitr weigbhkregot poymer 200 emmacssdi ng t o an

exenpl ary  enmbodi nent of ‘the present invention. The reaction
v 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 wei ght 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 pdlymer
200 according to an ,exefnplary 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



sequence involves the co-polynerization of acrylam de (AAM, vinyl ferrocene
(VFc), and [2-(acryloyloxy)ethyl] trimethyl amonium 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

hydr ophi li ¢ hi gh nol ecul ar wei ght redox pol yner 200 that results fromthe
reaction sequence of FIG 2 can have, for exanple, a high nolecular 8

wei ght of V@%’t Qféﬁﬁ&ﬁhl\ételyl@l(ﬁﬁlgﬂ%l (ﬁq@@ﬁﬁ‘éﬁ %da%%lgﬁt é(%'r%étm@l%&ﬂ%g@ QR' ecul ar
wei ght by gel perneation chromat ography (GPC)). I't shoul d”be noted
t hat AAM bg gelmelmy&dn ahréthatogmaby (@Cpequence of  FIG 2 because AAM has a
relatively high chain propagation rate coefficient that assists in the
formation of a relatively high nol ecul ar ‘wei ght redox polynmer. [0033] In

PG 2 Uinel 2 v BLAT AR ARk MY n L ARTIMAGOALR, of opr eoent o

as in, respective I n"can, be in the
range of @M E&@uéeﬁAMﬁasaebﬁwtlvgglhlgh €ldih p@FaééﬂfonQ%té@béﬁmdnﬂtHahe range from
about 1 to about 6, and p can be, exanple, in the range of fromnearly,

0 to aboutssigs in the 6gniatioh ef phsiatived hlgbmctbfrqméaruvmgwredqu%ymwr ophi l'ic high
- mol ecul ar wei ght redox polymer 200 is highly flexible such that portions.
t hereof can segnentally di ffuse between a redox enzyne's redox center and

an el ectr f an lsrhased r ze rapid
el ectron Zxch nge. %F}tﬁa{:Iﬂ?eergegdlrnggh{(ﬁ%%%@%&segrrex't%gnﬁ;i%]lg A@Lnl

use” refers to
portions fepresented aday nnadipataspedtionlyailnitigregant, i cums fortekamplzabe etho e
sol vated and nmpve about while remaining attached . (tethered) to the ionic

hi gh nol eédigget ﬁ@ﬁg%hour 8 Eaont 9?%é¥°an[®0@5]exqfﬁﬁlec@tth@)%e o akoMt bf i oni c
hydr ophi I Vﬁq eg Il%r \g%lxglg lerﬁldtﬂxsangglo\fsﬁ%ﬁ}@e%y 00[8 15& N affinity

W th negatl exarrp gl ucose
oxi dase). In th| s regard affl nity betvveen i oni ¢ hydrophilic high

[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 enzyiné’s redox center and an electrode of an enzymatic
electrochemical-based sensor to realize rapid electroh exchange. In this regard, the
term “éegInentally.difque” refers to pdrtions (e.g., redox mediator containing
portions) fha;[ 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 ﬂocculqtion when they were combined in an aqueous solution. Such an
affinity enables fapid 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 Hydrophlllc High Molecular Weight Redox
Polymer



mol ecul ar wei ght redox polymer 200 and gl ucose oxi dase has been observed in
the formof flocculation when they were conbined in an aqueous sol ution.

Such an affinity enabl es rapid el ectron exchange between the redox nediator

and the redox, enzynme since the ionic charge provides for a close contact
wi-th the redox enzynme's redox center (also known as the redox enzyne's
active center). Exanple 1 - Synthesis of an lonic Hydrophilic H gh Ml ecul ar
Wi ght Re @0<36]J Pol yrr%msh&@l%ﬁﬁlllclh@gn ﬁofébfﬂﬁ%&?k! 1©db 981ymak ecibArIGMe ght 1 edox
pol ymer 200 of FIG was synt hesi zed ree radi Cal co-polynerization
using a r@mtsymhesszﬂdmyl a)fnee)ﬂadmchogpolmmematlphalmngel reActivh, solitipn gf 68 B0%

vinyl T or 1 Sterm Rt AAMATE so4 SRR GentoyiciBonhul Satsihs) PERV e (AIBN) i n a

‘7,‘40 mm xty LottéAﬂFP&(‘Q@eo %%ﬁqlﬁgﬂ Oc(ﬂ][é P”J)Va}ndoa_?ﬁowal@t' on was perforned

Hydr ophi liC

in a round ore | tlatlngt e reaction, the reaction
sol uti on wasblgie@(memmﬁlecQAmN) bibd i gmixitire 0 divxhmy arﬁrmhamw(l/lvhg. reaction
sol ution was then heated to 70 Cin _an oil bath for 24 hours with

cont i nuoustheaegsdion evaggrifemasningrigend kotiom flaken at nosphere. The resul ting
pol ynmer precipitates were filtered off and repeatedly washed wi th acetone
to provide a purified sanple of ionic hydrophilic high nolecular weight"

r edox polg 200 H@O@qﬁlltlfaﬁﬁéjth%éf‘%h@nWﬁéreﬁ%ﬂﬂ'@tmﬂ \)ﬁasddéoﬁsjgénﬁtean oven at
50 C. [0038] eI atively |l ow nol ecul ar wei ght portions of the purified and

dried saryyltebbiagnitrogen fok one hadre d heheatighsaliadly wis theg dieasd taled 1O zed
wat er. The di al SI s enployed a cellul ose nenbrane dialysis tubing with a
mol ecul ar %wildrah fr 2%10]{@/%’3! contimygusynagnstic agitationdehIigresh Enzymati ¢

El ectroc h%%ﬁﬁéﬁ‘%ﬁ/b € 16 a%r%lgﬁ?fﬁ%lpl@tgsc&/érgqﬁteﬁ!ﬁ%f?)ﬁﬁ&%p%edl?m ¢

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 dialyéis

employed a cellulose membrane dialysis tubing with a-molecular cutoff of 16 Kg/mol.

Example72 — Preparation of an Enzymatic Electrochemical-Based Glucose
Sensor Electrode Employing an Ionic Hydrophilic High Molecular Weight
Redox Polymer

[0039] An enzymatic electfochemical-based glucose sensor electrode was
prepared by applying 0.5 uL of'a 1% (w/v) a'queous 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 pL of a 10% (w/v)
glucose oxidase solution in phosphate buffércd saline (PBS) was applied to the redox

polymer coated electrode and then dried in the oven at 50 °C for 10 minutes.
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Redox Pol yner [0039] An enzynatic el ectrochem cal -based gl ucose sensor

el ectrode was prepared by applying 0.5 L of a 1% (w v) aqueous sol ution of

i oni ¢ hydrophilic high nolecular weight redox polyner 200 (prepared as in
Exanpl e 1 above) onto a carbon electrode (2.25 mm X 2.25 mmin size)

- followed by drying in an oven at 50 C for about 5 mnutes to forma redox
pol ymer coated el ectrode. Next, 1 L of a 10% (w v) glucose oxi dase sol ution

(I n_phosphagmopuf f er adiiddion(RRS) sua%s sARIES amihepEaa 103¢hy BB coat ed

el ectrode and then dried in the ove nutes. 10 100401 A
sol uti on poht@mbpyleme gPcatpdigiycpiyl ytheh{PPEGE heay Bie)l imndnll Q6sopyormnol.

ol ropyl ene glycol) diglycidyl ether (PPGDGE) was mxed in 1 nL
2- i ZéBr o%{%t, .0-8gN¥:9f t;ll)ed).Fé/gPLPyCd?G H@Xpwwweﬁtéff@reéemée BFPRTCEdst o t he

el ectrode ;prepared as. . described .ji.nmedi at el QYL dried in oven at
S0°C for  SBTBRl Fomelc P REl A0 R b e Y P B Pl R ol By o <
nmenbrane whi PhGDRIREIBE] laQbds8-11mked @Rlsls Bertibdhe IMIcAGHaglediGight T edox ‘
‘pol ymer 200 and the glucose oxidase (a redox enzyne) in the vicinity of the

el ect r ode hydiobkific hlighowb legulsnwkightstdex polamen@d@yimd thaighicpsesxidasadh as gl ucose,
to penetrate therethrough.. Exanple 3 - Testing of the Enzymatic .

] cot r ochdtioE A7 ERYAR EREBHD Bf tha dlestrode il lopiteg smalf gy Slax ight

el ectrochepi; o)l ) " ~ pExample 2 was tested as a

wor ki ng e?ﬂ%?%%ggb?%QQE%ﬁﬁgéﬁﬁ @E%gg{ggggﬁ%dr systemin PBS over a gl ucose
concentration range fromO nmMto 15 nmM The three-el ectrode sensor system
included a working electrode, counter el ectrode and reference el ectrode.

[ 00421 Th&xaonle 3g kasting obtre hnzymaficklecoclxyicalBased fensgicElegirode t he

t hr ee- el eof Exdmpdesor system open to the atnosphere at room tenperature and
under gentle magnetic agitation. Boluses of a concentrated glucose solution
wer e :

[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 VAg/AgCl with the
three-electrode sensor system open to the atmosphere a1; room temperature and under
gentle magnetic agitation. Boluses of a concentrated glucose solution were
periodicallky added to the PBS to increase the gluéose 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 exhibi’ged a current response decline of only
- about 17%. Such a response is a dramétic improvement in long-term measurement
stability compared with enzymatic electrochemical-based Sensors employing small

molecular redox mediators.
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periodically added to the PBS to increase the glucose concentration of the
PBS. FIG 3A shows that the current of the three-el ectrode sensor system
increased rapidly and then reached pl ateaus follow ng the addition of each
bol us. 100431 The working el ectrode was al so 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

i mprovene i4i | ong-gyer t S bl Ve e 1 enzymati c
eIectrochgggﬁgl-basggeég%g%?gﬂgﬁp o;PﬁghgﬁghkﬁmﬁgﬁgggpégAﬁgg%gﬁ diators. 11
[ 0044] FI Gurrdid regpoascadrsusrgiidoss cattenteatvnt rThspaatibratgntcarveliés  3A depi cting
current response versus gl ucose concentration. This calibration curve is
appr oxi mat¥@Pipximaelylinesr e rapaybetyeeme s8RV 2ngNP - 15 nM [ 0045] Toni ¢

hydr ophi li ¢ hi gh nol ecul ar wei ght redox polyners according to enbodinents
of the present invention can be easily synthesized. In addition, the _
ol ecul ar (j[mi}ht, | gphie h?ﬂ&?ﬁﬂfb'}ﬁfﬁl ﬁBFép@llat’@b%ﬂ{ re@6R beRARE Kok dde adapt ed
to provide for a high electrode affinity and redox activity (for exanple,
fast el ectenthodinendmefftbe pueiseit inemhtinn emyymessily syrobes6ied! tn sdbtiom thee under st ood
that various alternatives to the enbodinments_of .the inventian described
her ei n rra;}“‘?s)léc,”éW%glgde}F'R¥PB?§TIF%*?W@3¥YW§&1iCr?%?g)ﬁ‘(“iaBﬂr.l S4108 depicARnded that t he

fol | owi ng )i AehNacLiticaPmAR, A1) LA AANRD oAl Halashipot ur es

wi thin the scope o ese clains - an r equiva be covered thereby.
12 What i srapkfar wittl rédox ¢hzyiss)i oni ¢ hydrophilic hi gh nol ecul ar wei ght redox
polymer for use in-enzymatic el ectrochem cal-based sensors enploying a
charged redox enzyne, the ionic hydrophilic high nolecular weight redox

pol ymer C(w&{d] st ng. It should be understood that various alternatives to the embodiments of
the invention described herein may be 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



a hydrophilic polyner backbone that includes ionic portions; an a plurality
of attached red ox nediators covalently attached to the hydrophilic polyner
backbone in a flexible pendant nmanner such that the redox nediators can
segnental ly diffuse between the charged redox enzynme and an el ectrode of

t he enzymatic el ectrochem cal - based sensor, wherein the nol ecul ar wei ght of
the i onyg.thyasiRRedist i ¢ hi gh nol ecul ar melght polymer is greater than 16

Kg/ mol as a wei ght average nol ecul ar wei ght, and wherein an ionic charge of
the ionic portions is predeternmned to result in an affinity between the

loni ¢ portiopg fo?lg;qlggg)%hﬁlgﬂ[ ﬂ%l%ﬁﬁ? gﬂﬁx&& rﬁ%i o%%%ﬁ’{aeﬁ{k%?atm

el ect rochem ca Sensor ni eac I ng the redox
enzyne dattodhomioal-basadtensarg gmlbieymgedlatged redod @xzyawzmﬂmomlq'drqpedmmlglnedl ator. 2.

The |on|cic¥r e§$>r | eQB ecglar wei ght redox polyner of claiml,
wher ei n A Y ﬁﬂ?ﬁ?éﬁﬁél B Hackbone is formed at least partially from

a hydr ophi | |amyampmllamlgﬁemmme thaflﬁélMles ichic ;Tch&onspzm ¢ hydrophilic high
nol ecul ar wei ilic polynmner

backbone is afpgh%]ggj%g@t%)ﬁ}éegi&&/ etdllaé‘?rf QOVP{‘T’]B&H %{facme@é%gleglﬁgmlilf‘y‘ @%ﬁhl lic

NDNOMErackbbhé th mxﬁﬁdpenaér@ nﬁﬂﬁe&‘ mwmhieeeay&%aala@d}@lcdﬁysegrﬁmmw &ffusenomers Wit h
a vinyl Folynerlzable group. . The ionic hydrophilic high ol ecul ar weight

r edox thehargedyiedex enzyie aréii an elqsodeqithe enw%tiC@i%tr@ﬁhém&aH%m ¥N§96r t i ons.
5. The ioni qyﬁey&!r{ ﬂ&@mohacﬁlahwghmk&qﬁilggydf@h?wm% aécmw IEP&?m&J gl m 1,

wherein the ionic tron 1S forme (acryl oyl oxy) et rimethyl
anmoni mmltmlldé(g(mﬂmwlghﬁaveimemOdmiﬂ@r Wigigtogdi | i ¢ hi gh m)l ecul ar wei ght

redox poly m:&{hepem gll fghlmcﬁar éMo}ecﬂe ’toch r?gglohé) i gpedetgl%l écf)tg résﬁ{t EIPJI%HHI%%CCL east
one of a quat er nary um ca an nrum

cat i oni the ivnicgo®ions 51131 tie ch‘E@d ira@lok enzyyero paheﬂzymaﬂm cgéctmdleanwl-hasedmngm’tand edox
poly rmrtha(ljtfm1%£maizemlea&:h1ng & tﬁé %d&? eenzgrl%g 20 fobters agtEV?try bet%ve]:er(la fhle PSR enéyFee)and

redox mediator.

2. The ionic hydrophilic high molecular weight redox polymer of claim 1, wherein the
hydrophilic polymer backbone is formed at least partially from a hydrophilic acrylamide monomer

(AAM).

3. The ionic hydrophilic high molecular weight redox polymer of claim 1, 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.

4, The ionic hydrophilic high molecular weight redox polymer of claim 1, wherein the ionic

portions are cationic portions.

5. The ionic hydrophilic high molecular weight redox polymer of claim 1, wherein the ionic

portion is formed of [2-(acryloyloxy)ethyl]trimethyl ammonium chloride (AETMAC).

6. 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 monometr.
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8. The ionic hydrophilic high nolecular weight redox polyner of claim1,
wherein: the hydrophilic polynmer is a hydrophilic polyner backbone fornmed at
| east partially from hydrophilic acrylam de nmononer (AAM; the ionic
portion is forned at |least partially from|[2-(acryl oyl oxy)ethyl]trinmethyl
ammoni um chl oride (AETMAC) incorporated in the hydrophilic polymner
backbone; and the redox nediator is ferrocene (Fc) covalently attached to

t he hydrophilic polymer backbone in the formof vinyl ferrocene (VFc). 9.
The i orf-c hylde éyin hydeophilig highohaeaulaa weighi rgfiax rodest op ohiypbrwhsfeittharades,

wher ei wei ght is approximately 110 Kg/ nol as a wei ght
averaggn%%%xl §§&ﬁéﬁgﬁ 10. The ionic hydrophilic high nol ecul ar wei ght

redox polymer of claim8, wherein the relative nolar portion of AAMis in
t he range of about t he elatl r rt.ion of Weis in
the range ofMaBot MR Scas W kel FuPead e R R Bot e o “AeTIAC | 5
in the I’ angehd]{ydfd’pﬁmc poBaiet i aZh@dmplﬁlﬁc pdloniér bhOkbodd forhbatilenst garthiig fiophi | i C

hi gh r edox r of claim1l, wherein the ionic portion

S oSe e
is for prilig agryla 9@?@“§5fﬂk nomer. 12. The ionic hydrophilic high
nol ecul ar  Weh&iBhic He@iox lsqehﬂdaiwt 1e@dt pﬁﬂtlall}mrém [Mh@fﬂdy'lbx%rbb@h}llﬁﬂh&hylfmﬂkﬁmﬂi lic

hi gh nol ecul ar_wei ght redox poly a cationic lic high nolecul ar

wei ght chiasideABBYI FHCOIPSTate#WéthF @ﬁdrepfnwmmrﬁaekbﬁn@ Iarn%l ecul ar wei ght redox
pol ymer of  Gh&joMxImeiSH i€ Té?rot:é]ﬁr lgg Elbfall%llf% H&l 'Jo tlre ﬁvdﬂfbhﬁfelp‘%&meﬁﬁacﬁﬁdn@ ht

redox polynmer is an anionic h | ecul”ar "wei ght
pol ymerin theform of vinyl ferrocene (VFc)

9. The ionic hydrophilic high molecular weight redox polymer of claim 8, wherein the

molecular weight is approximately 110 Kg/mol as a weight average molecular weight.

10. The ionic hydrophilic high molecular weight redox polymer of claim 8, 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 1 to about 6 and the relative molar portion of AETMAC is in the range of from

nearly zero to about 10.

11. The ionic hydrophilic high molecular weight redox polymer of claim 1, wherein the ionic

portion is formed of a carboxylic acid monomer.

12. 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.
13. The ionic hydrophilic high molecular weight redox polymer of claim 1, wherein the ionic

hydrophilic high molecular weight redox polymer is an anionic hydrophilic high molecular weight

redox polymer.
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