ELECTROCHEM CAL- BASED SENSOR W TH A REDOX POLYMER AND REDOX ENZYME
ENTRAPPED BY A DI ALYSI S MEMBRANE BACKGROUND OF I NVENTION 1. Field of the

I nvention [0001] The present invention relates, in general, to sensors and,
in particular, to electrochem cal-based sensors. 2. Description of the

Rel ated Art [0002] The use of el ectrochem cal -based sensors that enploy a
redox mediator and a redox enzyme in conjunction with an electrode(s) for
the determnation of an analyte in a |liquid sanple has becone of helghtened
nterest. FEACHROCHEMIGAH BASE, SRS 0R W SREDAR ROLY MERAND

particul arly SREDEXN ENZY¥MEENTRARBEDBY ADIALYSIS MBYBRANE ori ng of

anal ytes (such as glucose) in bodily fluid sanples (e.g., blood or
interstitial fluid sanples). For exanple, electrochem cal-based gl ucose
sensors enploying a redox nedi ator, a redox enzyne and a working el ectrode

can determne (i.e., e on using relatively | ow
potentials (e.g., |ess tﬁé&e‘%(;g%@@wgm%y limting any interfering
responses, at the working electrode. For a further description of

el ectrochem cal - based sensors, see for exanple, U S. Patent No.s 5,089,112
and 6, 284\, £i€ld of dehingéntigni ch is hereby fully incorporated by reference.
[0003] In tvpical electrochem cal-based senso the reqgox nedi at or

facili tat[Qg3 lel ect rid§ HT?S&HEW?ntH’é‘tr\ﬁgéﬁﬁ ri’én?ré{ié&seélﬁ%rﬁﬁﬁ s p&ﬁH’“gﬁ

el ectrodetg%ec& o eﬁl?cal%lage%srﬂgbl?gm cal - based sensor. In doing so, the redox
enzynme cycle hf il zed and reduced stat es, driven by the presence
of anal yte, a redox rredl ator and a surface of the electrode. The net result
of such gg/cl ing is that el ectrons are either accepted or donated at the
surface &

Dé¢seriplion o cwtdd &ttt he redox enzyne essentially maintains its
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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 6,284,478, each of which is hereby fully incorporated

by reference.

[0003] 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.



bodily fluid sanple such as blood, urine or interstitial fluid), a degree of
water solubility for both the redox enzynme and redox nedi ator can be
beneficial in ternms of enabling adequately rapid reaction kinetics.
Therefore, conventional el ectrochem cal- based sensors may incorporate a
redox enzyme and a redox nediator that are solvated in an aqueous liquid
sanpl e. [0005] For el ectrochem cal -based sensors that require long term

stability h a i : ] - i . enical - based
gl ucose SLOI’(I]gg s, i?offs?l@tdg{s%g#%flallﬁo?ﬁat af%ﬁg}dr egotxﬂ %edll?(g%%?&%@gg&%é? | each
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is a substance that 1s harnful to humans or other subjects, |eaching of the

redox nedsadukility fer both theredax snamearndaedax mpdietor san bobgnefisial pyesns abl e and
thus to be ayoi ded. 006], Redox .nmedi ators have been attached to
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t hei r hydimphafikcusiajuid eamplor eover, redox nediators covalently attached to

hydrophi li c pol yner backbones are not suitable for efficient and secure
conventional attachnment directly to an el ectrode(s) of an

| ect hem.cal -b d .. 07] Still ded i he fi,el.d, t f ,
Csan o eBl08Enem chrr HESBYSEBiabPRed o A STLSE pRalR e skl t edox
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and/ or redox nediator fromthe vicinity of the €l ectrochem cal -based
sensor' s e¢sential tiehe thel ad@dnhietiiaton doedwot eadb awap fioat the véoidity efthx  enzyne of
such an el ectrochem cal - based sensor, shoul d exhi bit adequately rapid
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body is undesirable and thus to be avoided.

[0006] Redox mediators have been attached to water-insoluble synthetic
polymer chains, such as polysilozanes, in order to prevent leaching. 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 suitable for efficient and
secure conventional attachment directly to an electrode(s) of an electrochemical-based

SENsor.

[0007] Still needed in the field, therefore, is 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.



i nadvertent | eaching of the redox enzynme and/or redox mediator fromthe
vicinity of an electrode of the el ectrochem cal -based sensor. In addition,

t he redox nediator and redox enzyne of such enbodi nents exhi bit adequately
rapid reaction kinetics. [0009] An el ectrochem cal -based sensor according to
an enbodi rent of the present invention includes an electrode with at |east
one el ectrode surface, a film disposed on the electrode surface, and a

di al ysi s nmenbrane di sposed S@Mﬁ‘%ﬁﬂ(l(ﬁ“ IﬁvﬁiN’ﬁdﬁ‘ i ncl udes a redox enzyne
and a hydrophilic redox polymer (1.e., a polyner with an attached redox
medi ator(s), for exanple, a covalently attached redox nediator). In
addition, the dialysis nmenbrane serves to entrap the redox polynmer and redox

enzyme i WOORE vi ci Hlecirodiemipal-bapaskeenssgeaccgrding wrrmbgsivaants o4 thebe
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polymer are entrapped in the vicinity of the electrode by the dialysis
menbr ane, ai elacthndegfitle elprtmebanhrdl-basedd sdmsore | laatdoiohetii cedoxhasdstosambsor can be
enpl oyed for continuous, or sem -continuous measurenents._ over an extended
peri od of redpxengyancyf such empadimentsrexhipit adeguaiely yapitisachen kielcs. t he
hydrophilic nature of the redox polynmer provides for adequately rapid
reaction kinetics in the presence of an aqueous liquid sanple. BRI EF
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advant ages of the present invention will be obtained by reference to the
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Cr 0ss- sechttRAed red6R ntddiader(9f for BLample, 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.

[0010] Since both the redox enzyme and hydrophilic redox polymer are
entrapped in the vicinity of the electrode by the dialysis membrane, leaching is
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). 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

[0011] 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:



el ectrochem cal - based sensor of FIG 1A taken along line 1B-1B; [0014] FI G
1Cis a sinplified cross-sectional depiction of the electrochem cal-based
sensor of FIG 1A taken along line 1C-1C, [0015] FIG 1Dis a sinplified
cross-sectional depiction of the electrochem cal-based sensor of FIG IA
taken along line 1D-1D;, [0016] FIG 2 is a sinplified depiction of the
co-pol ynmerizing of N vinylpyrrolidinone (NVP) and vinyl ferrocene (VFc) to
formare olyne e . rs according to
exenplary' e n%odl rren?équ #%Slmbﬂfs‘lgdnfé%t\{lér}g/g t?&H %)%%O%gfﬁﬁ'?@) 3is a
sinplifi eelle@tﬁnhemicanbwedts&@oga@fotdlﬂgtdndnéﬂé ptl eﬂﬂbys&ﬁntenlt eNthe pisgaol (PEG to
forma redox polyner for use in electrochem cal -based sensors according to
exenpl ar yiIalE®; nent s of the present |nvent| on; [0018] FIG 4 is a

simplifie |ct|o react n se r.aft| ferrocene

car boxal d 3 to pﬁ@e‘tﬁ?la@ﬁ@? ?‘ﬂacrf’ 368?@?“‘?-*} étﬂg is acyclic

vol tamgél@&}&ﬁeﬁﬁaﬁb&‘éﬁrsfx%r bepiced A t’&ké’r%lbﬂglﬁn pBliw.i ons containing the
redox polyner of FIG 020] FIG 6 1s a cych c Vol t ammogr am obt ai ned f or
an el ect r fi9@4oat edFIthfC istawdmpbfiekcrosd-geotonad tlepicon & tha t he absence of a

di al ysi s nmenbr ane; £002 FIG 7 is a cyclic vol tarrrmgr am obt ai ned for an
el ect r odecleefErchamigial-hased sensoe aHRIG i telsen @;png:]u@ 16- zgnd t hen subsequent!y

coat ed WI dialy nbr ane d 8B depict the

magni t ude dg’llglt he gl Et(zs‘)slgybsaatsém?{lﬁsgﬁrﬁ?% %er?ﬁm]éaé de%m? ﬁnSn of time for an

el ect r odecg@adcBEmYMal- Baéeﬁ%eﬁs%@'@f‘FKP'IWTﬁkerpﬁloE%ﬁae ?payrst gl ucose oxidase, both
with and without a dialysis nmenbrane hi ghl'ights the first 10

m nut es o[OOﬂﬁ]e 100- Fi(ht ® arsraplifiehdaplictioh aff thescmﬂmiymennngbﬁNﬁA 4 DETAI LED
DESCRI PTI ON OF THE | NVENTI ON [002311 To be c%n5| stent thr o?gho t the present
speci fi catmypygaidipgre @Y ¥R} and vinyl ferrocene (VEc) to form a redox polymer for use

in electrochemical-based sensors according to exemplary embodiments of the present

invention;

[0017] 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;

[0018] FIG. 4 is a simplified depiction of a reaction sequence for grafting
ferrocene carboxaldehyde to polyethyleneimine (PEI);

[0019] FIG. 5 is a cyclic voltammogram of an electrode tested in various
solutions containing the redox polymer of FIG. 2;

[0020] FIG. 6is a cyclic voltammogram obtained for an electrode coated with
the redox polymer of FIG. 2 in the absence of a dialysis membrane;

[0021] 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

[0022] 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 is shown in FIG. 8A.



under standi ng of the present invention, the follow ng definitions are hereby
provided for terns used therein: The term"redox nediator" refers to any
chem cal noiety capable of undergoing a reduction (accepting of an

el ectron(s)) or oxidation (donation of an electron(s)) with both an

el ectrode surface and a redox enzyne. The term "hydrophilic" refers to any
chem cal species or subgroup with a high affinity for water or aqueous

sol uti ons. Therefor@EpAWqﬁgékafquﬁﬁhkmoﬁo be attracted to,

di ssolve in, or be absorbed in water or an aqueous solution. The term
"hydr ophobi c" refers to any chem cal species or subgroup with a | ow
affinity for water or aquequs solutjons. Therefore, a hydrophobi c conpound

tends t od[OrO@B}sl and?ﬁé’? CB@“%(E@GM?@&TQ% tmrésenbﬁpeaiﬁcaa%m_f% gleati on. The
(er vat i SR of EbRispniBy B, HERIIGNIAL AT GR R, BREH] biiged | o

t hrough 1RrdegisGise@thieedif:i on of an el ectrochem cal -based sensor 100
according to an exenplary enbodi ment of the present invention.
El ect r ocheni callhd tegmd ‘redoxgoediatod’ referd tocdhey chemichbinpmtyecapdble of r ef er ence

el ectrode 104a. with, an el ectrode _surface 6a, g workjng.el ectrode 104b
o e e it bR S oL o Plep B A epaeteh (RS E i Bie Sur f ace
106a, and i j; }ﬂﬁ{@d i j 108.

El ect rochglgﬁ‘;tg%ﬁ%?s@ sens%?&i%%%g@%éﬁﬁﬁ%%ge% Insulation |ayer 112 and
a reference i nithe sy@rhidrbphilio? reflaisltd el ¢hentited spédiesvdrlsubgreapauiihzehiphat  Fl Gs.

| A through 1D depict only a portion of a conplete electrochem cal -based
sensor andffiniydoraudet orargrousseptivant Ehapforna hafwphiscaeaponad wiliad sensor

(e.g., a _housin nal ysi s/ m croprocessor dul e, and el.egtrical
communi oald Batsred o S SqE I of by Mpma i gl PLAL g b SFROY
conpl i cating Firgs tertAhlyhfopHSicifeferk RDAR] chehifcad kpdcld br kb drb@p Rith abl! al so
recogni ze that referenCe ink layer 114" which constitutes an
el ect r oc heffinitylforywatet ovaueaysssohitione g berefdrayiathydrophebiemompelisttendsi®  104a,
sets the "zerodoot nt al "edagai nst which a neasurenment potential is applied
at 5 repel and not be absorbed ih 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.

[0024] 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. 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 illustrated to avoid unduly complicating FIGs. 1A through 1D.

[0025] One skilled in the art will also recognize that reference ink layer 114,
which constitutes an electrochemically active layer integrated with reference electrode

1044, sets the “zero potential” against which a measurement potential is applied at



wor ki ng el ectrode 104b. One skilled in the art will further recognize that
al though FIGs. 1A through 1D depict an el ectrochem cal -based sensor with a
two el ectrode format, other el ectrocheni cal -based sensor formats known in
the field can be enployed in enbodinents of the present invention. [0026]
Substrate 102 can be fornmed, for exanple, froma sheet of polyetheylene
terephthal |l ate, pol ybutylene terephthallate sheet (commercially available

from for W%i‘l@ﬂ?lel%ctr(g% 11485 Orfe - skitel i the @ BSturth & ref:ég?]ﬁ‘%eatﬁaﬁ)d'lﬂhﬁﬁ d
pol ystyrene fiTm (conmmercially available from for exanple, NSW GrBH,

CGer many) . FIG02A]thRRefgb 1 &ndapidtak eleatrechetfical basedzensonwithds tWoeleetraiepl e, from
Ag/ Agd aste (co rciall, vai | abl e from Gaent, E| ectronic Mterials,
Pont ypool ?magg?her tr%‘ihegﬂga@l?ﬁdag@wré?@@ttsr@%ﬁnélé{? %F f@R&fice materi al

i ncl udi ngemgfbhfﬁ‘?%%a‘%iiﬁi‘%‘gﬁgf"?“ﬁ?g&m ﬁL,gn Hat i nclude a netal that fornms a

partially's e ver, coﬁ%oer, titaniumand lithiunm). [0028]
I nsul ation layer 112 can be forned, for exanple, froma dielectric screen
printable ink paste (comrercially available from for exanple, Sericol Inks

Ltd.). RelMR2éhce el Substuatel Aera berfdmoest; koregamplee froodaeshegtef can be formed of
any suitable.mgterial_ kn tq .one skill i.n the art. For _ exanple,

ot er once PG teipontiRDe, oubigtaternfthalils sBs Nrmeia T om

conduct i veydifaKie iR NFoRSxAnfial B Plasf @ MMk MsedNér bR YricRefier ence el ectrode
104a, wor kI ﬁg electr gdgx 10§b’,@?nsagl a,{Tlﬁl%ln lS;ng, 112 anglngi al ysi s menbrane
110 can haulystgrene Silmt(edxhmetdialbkavatisble Howe Y@rexampley PSP IGmBHI Geneary).f or each
of these layers is in the range of from1l mcron to 100 mcrons. [0030]
Film 108 includes a redox enzynme and a hydrophilic redox polymer (not

depi cted i G 1 h d i 08

entr apped {0 L ne 1 Belteyreane fbil Rl o0 R SRR 580 H4rEChenbrane 110

and i nsubadté Ri&lﬂrﬁéf@irall}%Q%ilﬁﬁle[i@&ﬁﬂwéﬂﬂﬁlé&ﬁﬁﬁi@@hhﬂsﬁﬂsﬂ&ﬂ%o@m and redox
o

enzynme of film 108 are _ o
UK) or any suitable electrochemical reference material including, but not limited to

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

titanium and lithium).

[0028] 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.

[0029] 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.

[0030] 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.



of a sufficiently high nolecular weight that they essentially do not pass
through dialysis nenbrane 110 (as di scussed further below). The hydrophilic
redox polymer and redox enzyne can have any suitabl e nol ecul ar wei ght that
provi des for the hydrophilic redox polyner to be entrapped by a given

di al ysis nmenbrane. Typically, such hydrophilic redox polynmers have a

nol ecul ar wei ght of greater than about 10 kg noll (10,000 Daltons) and such
redox enzy®i3d] have Fhmblydwphiic redaxgilyroér apdeedaxrenzymaof 5110008 Bed haths (5 kg

r e_gaidan:lf’Pf‘ g‘];fﬁtrﬁleﬁgyP%teaéﬁéé%é]‘ggglﬁﬁothg&gef%lsérgg@% 80 gﬁ%‘f mﬁ?é{g%}é ! Pmlt gicﬁl ar
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conpounds aﬁ@ reglox egtmﬁ@e@)hawa anypP as&bldmoletﬂmo\ugght tvi prevides fritheel y - hi gh
nol ecul ar wei ght, conpounds (e.g., the h drophlllc redox polynmer and redox
medi at or &ydmphitic TedpK Retwmerde zbie ﬁé@apmdﬂvw@ givea; diplysis grembsang. nlgpedallEs r ode

104b. The aI so_f.unction gl ucose)

di ffusion SBCgm hlsllla gbx P* RA eﬁs[ %VFgrné?}?Cu %{c"r%%ﬂ fagfeaiée}%%ﬁ%ﬁgg (gﬁ al ysi s
nmenbrane 4! QWOGI?DQMs? hhhd ﬁi&h@edﬂxaéniﬁhés RRARANRCMAONEight ¢F gréh@erar t,

including a cast poly ﬁSIS menbr ane or a cross-|inked polyne

di al ysis mmmtﬁr@ﬁ(bDaINQm-(ﬁ ikgmnol pamskgamferably gieateuthian 80H00Rxlipss SOkgrbr anes

i nclude (i al ysi s nﬁraneforn&dfro an acetqgne sol ution

clont a: ni ngi%o) (I\‘R//aﬁ’f -1t s §Qled Ahat glcasq exslass iyt O?“%‘%W?/))nbaﬁél ye]E hyl egef
P
2 P s opr Gel it of a3 Frarcly TGRS (DRI ) enei mine (PEL) and

. 7% (W v) poly(propyl ene glycol) diglycidyl ether (PPGDGE) [ 0034]
Hydrophlllc redox polymers suitable for use in film 108 can be formed by,

for exanmpli®032oval eMiplysigmemhipngl lﬁédwedtfé&héh%lonbde@tlh’@lb’é@‘i"vel y high
Fedox pol PHEE R PO kPREow Rsd b miset PRl MR Rue SIERIEREN medi ator
of the hydsapRblet@laF 2Kt 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.

[0033] Dialysis membrane 110 can be any suitable dialysis membrane known
in the art, including a cast polymer dialysis membrane or a cross-linked polymer
dialysis membrane. Non-limiting examples of suitable dialysis membranes include (i)
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 (ii) a cross-
linked polymer dialysis membrane formed from a 2-isopropanol solution containing
5% (w/v) polyethyleneimine (PEI) and 0.7% (w/v) poly(propylene glycol) diglycidyl
ether (PPGDGE).

[0034] 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



pol ymer and the redox enzyme such that adequately rapid reaction kinetics
are obtained. [0035] The redox enzyne of film 108 can be any suitabl e redox
enzyme known to one skilled in the art. Exenplary, but non-limting
exanpl es include glucose oxidase, |atate oxidase, bilirubin oxidase,

sar cosi ne oxi dase, choline oxidase, cholesterol oxidase, and xanthine
oxi dase, gl ucose dehydrogenase, al cohol dehydrogenase, peroxidase (e.qg.,
hor ser adpsipmpredndxhelaglox eananeaichltise adgR i) rabid desctinlidneics tareo

el ectrocheni cal - based sensors according to enbodinments of the present

i nvent i o?Pteined. conponents thereof can be readily prepared and handled in
sol ution during manufacturing. Therefore, the manufacturing of such

el ectrochem cal - based sensors can be achi eved using, for exanple,

Conventi{mgS] Pr i MThd@dsR enARat oMElnt B inWeasy shitddsledbk Gnzytnd S @ schematic
a

representation depicting a process for formng a redox polynmer 200 suitable
for use kmvel ecine skitlediic thie-anta Sixatnpdary.drus nac-dionting gxanaplestehdear y enbodi nment s

of the present invention.. epicted.in FIG 2, redox ol ymer 200 can be
Pormed beorreexidas dresifn Fgr b e sreongs A ec s fe s

N- vi nyl I..chi P k . r J i errocene (VFc
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nmonomer sdedyamaendse, pied@aseké.k), @orstmadish emxidas§umb camlsecr yl ami de nononer,

hydr oxyet hyl et hacryl at e nononer and pol yet hyl ene gl ycol (PEG
macr o- nrononmer, can be substituted for NVP. [0038] The nole ratio of NVP: VFc
is repre din ELG 2 n,. can be,.for, exanple,..in the range of from
about 1081%3Ii o] aboﬁtls algg;eg{%of%legtmfﬁpamggb?ﬁgflétanspﬁs%c?qdmg[tﬁe proportion of W
I's great ghhédiARnReHe O;{}%eni D9 ertfithht dAehpoRERY tHRAIO B bEBMIiLPBEPARA! NSOl ubl e
in sone aqueous |iquid sanples. Mreover, if the proportion of VFc is |ess
t han aboand hétdledhie solatiox dainginetufacttising f Thercfoxe, piod mamrfa@d0Ongraf/suskcone  t oo
|l ow t o support the, el e(cltron exchange radt es n?eded fi)r deter.m qi ng gl ucose.

It 8 electrochemical-based sensors can be achieved using, for example, conventiona

printing and coating techniques.

[0037] 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-polymerization 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 in the art, such as acrylamide monomer, hydroxyethyl
methacrylate nonomer and polyethylene glycol (PEG) macro-monomer, can be

substituted for NVP,

[0038] 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 of VFc is greater than about 5%, the resulting redox polymer may
become insoluble in some aqueous liquid samples. Moreover, if the proportion of
VFec is 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



shoul d al so be noted that the hydrophilic character of NVP inparts a
relatively high degree of hydrophilicity to redox polyner 200. [0039] Redox
pol ymers suitable for use in electrochem cal -based sensors according to
enbodi nents of the present invention can include any suitable redox

medi ator including, but not limted to, osm um conpl exes, qui none,
ferricyanide, nethylene blue, 2,6-dichloroindophenol, thionine,

gal | ocyanisheuld hlsdbphendltheamhb hyalpoghi iathaoavser ol 8RGO Impdetsra tekatively dijght he r edox
pol ymers can be fornme exanpl e, fron1any sui t abl e hydrophilic nononer
i ncl udi ng 9egge oﬁ}ébfdr‘i’l?brﬂ“flgdot%doxlﬁﬁﬁ}’%%q tc nononmers with an acrylate or a
vinyl polynerizable functional group. Exanples of other hydrophilic
nononers suitable for use include hydroxyethyl methacrylate, N

i sopropyl 360394 ani de Regby p6¥yalerdiitaBle fyt @k én aleetredhieii@ilibdsed deagorgli f f er ent
medi ators and hydrophilic nononers, changes should be accordingly made to
t he proce@scca’ﬂmgﬁtpe mbodiments2f towasnt mégmmmnmmewwbble r¢d9x use in

el ectrochem cal S ordl n nbodi nent s f t he,present
ivent | on e B ner B Rk E st bR, AREPhG EiARn: 1 C
polymer (¢ndhy lerl%odl%( tzmthr%ﬁﬁ)r&h en&P{%@nm@ghua/dyaﬂlhe, 1Hbléﬁlﬁhbpeﬁﬂe or

pol yet hyl enei'm ne to a redox nediato FI'G 3 depicts a reaction
sequence fcombigratibhs nhgrekﬁé FotheaGotepthe@edoxgpal e caoby fremedOfor Exampls,e i n

el ectrochem cal - based sensors accordi.ng to exenplary enbodi nent.s of the
present  iFppbALY Befablehydiophiicrapnosesy irgledingdyf potdynited top %Ydrgp@ | oys benzoyl

er oxi de i pol ymer
500 vi a a Hy/arsgLRlch aﬁﬁ?&géé‘?%%%ﬁ@ceﬁﬁﬁ%&a*?{ SBh TR Ry BXBBRESE Pooti on
sequence fotHer G@bphilie nfdabonieds SuetabRIBINGse kAR SIeRIHIE nieﬁlaf:@ﬂdfé aNI edox

pol ymer 400 that 1s suitable for use in enbodinents of

el ectroc hempc@ylamé@mdsegiymrgl metheerpiatepndmcnyhamide e Eendifferant medmtors | n t he
reaction of FIG 4, the sec a 0 of PEI forns a
Seni 11 badBt BYRBAIE monoficr Phiaten oG B HREAIREIG ROUR Koo Rt R Bone
carbvoxalquﬁgql Since the Schiff base bond formation is unstable, sodium
borohydride (NaBH4) is used to reduce the

-

[0040] 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.

[0041}] 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 (i.e., an
imine) with the aldehyde group of the ferrocene carbvoxaldehyde. Since the Schiff
base bond formation is unstable, sodium borohydride (NaBHy) is used to reduce the

imine to a tertiary amine.



imne to a tertiary amne. 9 [0042] The follow ng exanples illustrate and
denonstrate further aspects and benefits of el ectrochem cal -based sensors
according to enbodi nents of the present invention. Exanple 1 [0043] Cyclic
voltammetry (CV) with a 5% solution (in phosphate buffer saline (PBS)) of
redox polynmer 200 of FIG 2 was perforned with a glassy carbon el ectrode
(GCE) at 50 nmvV/s between - 0.1 and 0.5 V vs Ag/AgCl. Curve 500 of FIG 5
was t hereby obtained and denonstrates that redox polyner 200 is redox active
at the glassy carbon el ectrode. [0044] Next, glucose oxidase (a redox
enzyne) wde0dided t dheHellPBagiesamples divseateand demonstrate isther aspecthiand edox

peaks of sybseguent sC decr eased lightly, .as sho by a.curve 510
of FIG S%G‘ﬁ‘@s B%F&%&/‘Pé’é‘ggaﬁe S?Il‘?grscﬁ‘?f’%émggﬂ egﬁadlweé’&%m%ﬁ%ﬁ%tﬁks of curve
510 in conpaniigen to curve 500 can be attributed to a small dilution
resulting fromthe addition of glucose oxi dase and/or an adsorption of

gl ucose oxidase that resulted in the passivation of a small portion of the

GCE. [0045] Subsequently, glucose was added to the PBS to a concentration of
100 nmM This addition caused the Ji¥ampledn current to increase, as

a1 ot el coni I SoRanmSi [ %) piln 4 LR SRuliBR o PHERRPUAE C cne o ©°
noi et i es, smlﬂfér(@ma);omadﬁwﬁ%mme i@b@a@%\éﬁﬂnﬂ@d@itﬂ GWs¥ecBéh The

a
characteristic shape of curve 520 may al so referred to 'as a catalytic
wave in welectrodheGOBXatrHidm¥ s retmeeni -D0. bamb@ 6tV vhalg/AgCh KarvefULoS—G.

concentratj on. Exanp]e. 2 [0046] A GCE was di pped inta.a solution containing
a 5% sol ut) %% tB‘FregféagﬁmeB%‘P@ﬁ%‘lﬂ’o%?ﬁ@teéﬁhqfF?ﬁl%xf%ﬁfr%%r(r;)lo\aéﬂrqﬁﬁx setied hanol .
The GCE h from the 5% solution and allowed to dry. The GCE
was subs\é\%aesn){ Fi;bérr?r%(\f&gcgehg in PBS i

[0044] 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 in 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.

[0045] 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 in which the maximum current is proportional to the

glucose concentration.

Example 2
[0046] A GCE was dipped into a solution containing a 5% solution of redox
polymer 200 of FIG. 2 dissolved in 2-isopropanol. 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
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and tested using CV at 20 nmv/s between - 0.1 and 0.5 V vs. Ag/AgCl. The
magni tude 10 of the redox peaks decreased rapidly upon successive CV scans,
as shown in FIG 6. This indicates that redox polynmer 200 washed off the
GCE in the absence of a dialysis nenbrane to entrap redox polymer 200 in
the vicinity of the GCE. Exanple 3 [0047] A coated el ectrode was prepared by
applying 0.5 L of a 5% (wv) solution of redox polynmer 200 dissolved in

2- i sopr opafihk rajok peakscdectrasedalapidiy wsba suéébsﬂﬁe GZM $€ais, 25 stoyn fIndFlGoved by

drying in_an oyen at 50 C for about 5 m.n Si s rane was then
formed onThRANieAs a@ﬁ@@%?%@eb%%wewsfip he Gl Mﬂaﬁ ee%é%"%ﬂxng%(w/v)

cel | ul ose %&%&&%%@ﬁ%ea%pa P50 InaGRAR% s hOBEH Next, 0.8 L of the

CA/ PEG ni Xbure Wwas trode and dried in the oven at
50 C for 30 mnutes. The CAPEG m xture forned a cast dialysis nenbrane
that retai ned | arge nol ecul ar wei ght redox polynmer 200 in the vicinity of
the carbon el ectrode. The GCE pr epdrxempe3descri bed |m"red| ately above was

i mrer sed | S and .t est at 20 I's betwee 5V vs.

Ag/ AGCL, h‘ﬂ’égﬁagm C el YetofR uas pisaaid by apeb s it a AT hon

successi v C and t hen
gr adual | yg ecrease{(gé:X g(g%g%f 2(ﬁﬁd1kéylﬁdgh 2\9.%41?5%&? ?téqgcg%nogltéeé t at t he
observed (B2Emei XdrZS eapeollowed &y dfingsinla@seh B30 °C fe abatites pbagssved in FI G

6. This indicates that the dialysis nmenbrane of this exanple ajided in the
ent r apnen ﬂlabﬁlsrle@b&rap@wmn domagdron the coated eleetyodsbyimiepasiagiseluioact r ode.

Exanpl e 4 04 chem C sen SQr W thout a dialysis
menbr ane é{ggmﬁ‘]gﬁ (ﬁ %%IVFV?SQ@Q@ 8(99;0}1%%‘;9 PP€0] uti on of redox
pol ymer 200 onto a car bon el ectrode (2.25 mm X 2. 25 mm) followed by drying
in an oven at 50 C for about 5 mnutes. Next, 1 L of a 10% (w v) gl ucose
oxi dase s{0048] on i nNeBS0vgsl. ofihelC APEGmb:herestasapphetbtodhelcodten dried in the
oven at 50 C for 10 m nutes. Exanple 5 i )

electrode and dried in the oven at SO °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 initially increased upon successive CV

scans due of an initial wetting of the electrode and then gradually decreased, as shown

in FIG. 7. 1t 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 in the vicinity of the carbon electrode.

Example 4
[0049] 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.

Example 5
[0050] An electrochemical-based glucose sensor was prepared in a manner

similar to that of Example 4, except that the electrochemical-based glucose sensor
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[ 0050] An el ectrochem cal -based gl ucose sensor was prepared in a nmanner
simlar to that of Exanple 4, except that the el ectrochem cal -based gl ucose
sensor 11 included a dialysis nmenbrane coated thereon. Mre specifically,
the dialysis mnenbrane coated thereon was a cast pol ynmer nenbrane prepared
froma solution containing 2% (wv) CA and 0.7% PEG in acetone. The

di al ysis nenbrane was forned by applying 0.8 kL of this CAPEG m xture to
an el ect r oxtheied ealialpss sgmbginecwsted sleansor. Meredpsdaficdlld thediysispl e 4 and t hen
drying the sensor in the oven at 50 C for 30 m nutes, .The CA and PEG

sol ution F’Eﬁ“ﬁ;’éﬁ‘eacoé%?gttﬂqF% V2 & o3t palymve membrane neepared frpm asolune c i ar

i aht _ petar T4
wel g re@%a@?gﬁ%ﬁy%fggﬂ? b7, PRAGK 260 e”erl{e'dlﬁzsélﬁ%e'ﬁ‘ﬁdi‘ wixi dase)

whi | st al | ow ar “wei ght anal ytes, s as glucose, to pass

t her et hr odgimedByapplyengd0. B Q@ ok thik A /RESGHIx0GE €dThug alechedrthigll-basde sensor of
Exanple 4 (without a dialysis nenbrane) and the el ectrochem cal - based

gl ucose sahsose sshsdbeadpsceibsd (mExampleg 4dingd thyesi dsyime iy senegr indheovendépendent | y

ding, f 0 .~ Th i ng. el d f h
el oot 1 ocheirigigU BIEBE <R AP BR e, S TAEbBRE Tt s °°°
Ag/ AQQl  alre@ing 8o RblefMafWehMdbe pORAR: 260 hiteHB rERPAE . Alicosk 00mM

tenperature. The resultl ngecat al yt ipc waves were recordegﬁg@lery 10 m nutes
over a 10@Ridabe)wtialst albewing small adoleduld 5&jighithtalyiesy sankl a8gludesel wipashat t he
catal yti c waves exhi bited an oxidation current that decreased rapidly for
the el ect tsEefBIAvERI - based gl ucose sensor that did not have a dialysis
menbrane. This suggests that redox polyner 200 washed off the electrode of
such an el ectrochem cal - based gl ucose sensor. However, for the

el ectrocheni cal -based gl ucose sensqExdmyie 6l Ncl uded a di al ysis nenbrane, the
catalytic wave exhibited an oxidation current which decreased nore slowy,

t hus i ndi d8#31hg t hatThetelestrochtoxicatduibet gincasndensetokExamyled (watheutraet ai ned i n
the vici nid&z}iys(l)sf m%rrr]l ra%le)egr}c{ t?ng %letc)%ocﬁe&?ca?—ibgée%sgiﬁcogg gb&lrsgp gf 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.

[0052] 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.

Example 7
[0053] 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

12



Exanple 7 [0053] An el ectrochem cal - based gl ucose sensor with a dialysis
menbrane was prepared in a manner simlar to that of Exanple 5, except that
the dialysis mnenbrane was a cross-1linked polyner filmthat included PEI and
PPGDCE. To form 12 such a dialysis nenbrane, 52 ng of PEI and 106 ng of
PPGDGE were m xed together to forma PEI/PPGDGE m xture in 1 nL of
2-isopropanol. Next, 0.8 L of the PEI/PPGGE m xture was applied to a

coat ed casbdm diblysis moahebrame, Spamgdf BEI dand 108nanpl BP@D&Fovers msimdd dri ed in an
oven at 50 C for 30 mnutes. The PEl and PPGDGE sol ution faorme ? di al ysi s

menbr ane 1getsE1 lorma EIPRGRGE mixtirean pailypiet-1sontoppyali dNexbifbt Bhett hat

tains | =Y | :
wni st al PSR E e o bR R B ROl Broge il 47T
penet r at e Bxh@pRthivongand A¥A4H ah lovers atORCETHR Be nfiflutes.t TRPED&IAY bound t hat

the hydrophilic nature of the cross-linked polyner dialysis nmenbrane,
formed fr @MGDMEE petntiomtbrrrtpdalysomembrane in dwubirs of a crassdbinkedpelymer i ng when

in contact,.with an aqueous solution.. This swellin rovi.des e

oroser | | meAbSPeRERa T Sl Hsamalret SRl e P alEaed s oo
Therefore E ﬁ%"ﬂ?% | layer.
Furtherrm’rr%c%oglseﬁéﬁggh@%l?tgatli on g}a aﬁcggff/vgfggl\%m gé(::)lﬁ argsvé?{%gﬁtg’qgnal ytes
(e.g., glpucase) thetettooggh. such a hydrogel layer is much faster than the

penetration of relatively high nolecular weight redox polymers and redox
enzynmes. Exanple 8 [00551 A redox polyner suitable for use in

| ect hemcal - b . [ to i '
Synthos 200055 o 1 acispaeara et 0] et R d el hERRop M BRPOE" o a7
of vinyl f g 46@0EKeNPolym @ ¥eh1 i hehbfine Zofmed #3R0hs PEPLY FPPGDCE i | € (Al BN)

(see the sequence depicted in FIG 2). The reaction was performed in a
round bot tsolmtibh,assults Be frembrans swedliignghdnhie cortact witin an aqueons s@tiiiem sol uti on

vt deoxyGehat oo YUl 1S DA Q0F o ! SEIRUSMIEShe 206 19er e
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 hydro gel layer is much faster than the penetration of relatively

high molecular weight redox polymers and redox enzymes.

Example 8
[0055] 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 in a round bottom flask. Before initiating the reaction, the reaction
solution was deoxygenated by bubbling nitrogen therethrough for one hour. The
reaction flask was then heated to 70 °C in an oil bath for 24 hours with continuous

magnetic agitation under a nitrogen atmosphere.
[0056] 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
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reaction flask was then heated to 70 Cin an oil bath for 24 hours with
continuous nmagnetic agitation under a nitrogen atnosphere. [00561 The
resulting redox polyner was dissolved in dichloromethane and precipitated
out of solution with diethyl ether. Next, the precipitated redox polyner

was filtered and dried in an oven at 50 C. Low nol ecul ar wei ght portions of
the 13 redox polyner were then elimnated through dialysis against

de- i oni zetedoapelymefinere thealelimiisat¢dithirovghvitedysis agplidstiosmmirmnbatancThe t h a

nol ecul ar cutoff of 16 Kg/nol. Exanple 9 [0057] A redo | ymer suitable for
Use i n el SEd¥ICHaAE B salRas mREBRe va%%mafeﬁalaf eute%&?dgﬁ%%wl-of t he
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 in
2.1 g of styrene. Ina separate contRiangile 92 benzoyl peroxide suspension was
prepared by suspending 0.24 g of benzoyl peroxide (70% in 1.37g xylene. In
yet anot Thepar ateredonpelymsr suiteblRHGr uesl intelastrookesnipalehaedsenbyrsni xi ng | Qg
of PEG (nol ecul ar ight 8 %ﬂ{ml%ﬁ@dth 20‘8 of tho%%ﬁ};han ._and t hen

war med t o 2GETENE 1q PRRAYMRRLR o1 tha preseREIMYEIHAN, W3 YRYCYE ¢ & PEG sol ution
at 90 Ct Xt Wr Jhwedi ; il of the W
sol ution, g{d;?ggsbesng%’gﬁgé ggrqgg}szfegs\ﬁgcpéénsi onﬁmﬁ%%%ggﬁ&tl 29? h%&'%%@@ m xture
to form aof ¥&ctin Drigwi xtyrone. In bpgardtetéritaiherpn bedzogt pérokidg sudpeasioesat i on

m xture formed into single phase that was_red-oor_an e in colour. The
reacti on Rrepereddywspeading ettt @ot bamzoylnsroxxde (e add 7eralencain ¥ted t o

continue Stirrin ver ni ght Q L. The r ti.on m xt u thereafter,
transferr 238541 %r Sggar_rg’rqe C8P{ag}?5’l aZ#E(\f\J/gf)@P?n Cat fe%éreg%Iy ear b%{/\(n% O\gfrfu%f%i on to be
formed t h@holee@at REMRER R oM X%wilhCl(VETBS ethdiRthafsl dakeh W atMe topowes sui t abl e

for use in coating a during the preparation of el ectrochem cal -based
gl ucose sensor according to an enbodi nent of the present invention. Exanple

é? e E:? (r)gg]h&quest@&??ggg x‘[, E‘E‘l(ljeo 6Fg (S)(I)%tr{glg w%g ia(sd%altg tIIeOIKE(I}] ggluitign at 90 °C to form
a VFc¢/PEG mixture. Immediately after the addition of the VFc solution, the benzoy!
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,
transferred to 50 m! 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
[0059] Yet another 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. 4). In this synthesis, 0.3g of ferrocene
carboxaldehyde was mixed 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.
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sensors according to enbodi nents of the present invention was synthesized by
a grafting process (as depicted in FIG 4). In this synthesis, 0.3g of
ferrocene carboxal dehyde was mixed with 50 m of dry nethanol and |8 g of
PEI to forma reaction solution. The nunber average nol ecul ar wei ght (M)
of the PEIl was 10 Kg/nol and the wei ght average nol ecul ar wei ght (My) was
25 Kg/ nmol. 14 [0060] The reaction solution was subsequently stirred at

anbi ent [0060]2 hour Ehe reatteon sshttionoraswabseqoenttystieddlay ambienvfong lmisquot s of t he
reaction_solutjon and performng.thin | ayer chromatography (TLC) wth a

met hanol 1R Ii%%tml.waﬁﬁaomgngl Py regpoving diquatsiqlile TeAtHW0HINRE al | of the

ferroce . L ~f[ 0061]
Next - to0p ot Bl Kok RG] O Q% O BRg A helBiE e OOl ch
was t henTBOd&ting indidued Bacil] Ofiths Gdritcemdcdrifoxaidtiode hidterehdted® dnondind erti ary
amne. After adding the sodi um borohydride, the reaction solution was
stirred #r 2dwuesddi tional 2 hours, followed by the gradual addition of 15 ni
of water. Next, a further 20 m of water was quickly added to insure that
all of the sodi um borohydride had reacted. The reaction solution was then
extract eﬂmmltrh 100N811, 960 Hle&IraydiuRl iiRbhydPide WA BBY 0RABSH HbBarfdl ganNi C
inpurities. The organi c phase was then discarded. After the extraction

st ep, thehrchacsiticon aideditd the rewsonl soletiorntoadugtthe iminamo ev@tagtamife.C to yiel d
a redox palyner suitahle for use in enbodi rg%nts of e] ectrochem cal - based

|
sensor s Alsaddingthe sodmm hordydrde, the sacighsolyitameyas stiredeidy be under st ood
: A o . . . e
horei i iRl s SR, foY3 el By R ATRPAMIRGA e B3 mi bR alcl RS BRAARIET D20 1 1

fol I ow ngo &l of Watetl®fak gaickiyrddedREnSire tHie all BY gRtso@fundbstohfiBidestaguct ur es
wi thin the scope of these clains and their equival ents be covered thereby.

15 WHAT regctal ATMEBa¢t®n sblution wastben edtestedowth B ed ofdisot etbemtpr i si ng:

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.

[0062] 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.
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an electrode with at | east one electrode surface; a filmdisposed on the

el ectrode surface, the filmincluding: a redox enzyne; and a hydrophilic
redox polymer; and a dialysis nmenbrane di sposed on the film wherein the

di al ysis menbrane serves to entrap the redox enzyne and hydrophilic redox
pol ymer WMHAT R CLiAdMAR {S:0f the el ectrode; and wherein the redox enzyme and
hydrophilic redox polynmer are of a nolecular weight that essentially

precl udes passage of the redox enzyme and hydrophilic redox polyner through
the di al ygi dedtiRohénnel-bdsbdisersot ¢apfrisigz:t he redox enzyne and hydrophilic
redox polynmer in the vicinity of the electrode; wherein the redox polyner

i s synt hegpgkqtrpde wBb gblegshone gleqgode k¢ pyrrol i di none and  vi nvl f err ocene.

2. The el (o]t ] iyl y:further i ncluding a working
eIectrode%qh@fﬁ%ﬁgéfgé??g%ﬁgﬁﬁggﬁ?ngéaﬁggﬁﬁ%?m%%nprising: an electrode with
at | east anredwl@etmodamdsurface; a filmdisposed on the el ectrode surface,
the filmincluding: _a redox enzyne; and a hydrophilic redox polyner; and a

di al ysi s #eWBFOPREICHRdBoRUYMSET: 2ihe film wherein the dialysis menbrane serves
to entrapaygﬁyﬁgg%§$ﬁﬁ£y- ) mpg%&gﬁhilic redox polymer in the vicinity of
e; an

the electro erein the redox énzyne and hydrophilic redox polymer
are of a nileednliar dinskighterhbrahe s@ssemtenahp yhepredot v pasiSiagleoiilid fedox edox
enzyme and hydrophjlic redox polymer through the dialysis nmenbrane, thus
ent r appPHyehid thewsiiypiypscladtpdsydidophi 1i c redox polymer in the vicinity

of the el %{egqu Fhe %ﬁ{/ gf[l%%[léq&dr }%gﬁ?éjcﬂgﬁ?é YiEL pbﬁfﬁ?@f Q}ehgisé Fn":(‘)ﬁjecla)ér %e?ghtt iﬂﬂ@

vi nyl ferrocene to po ene
essentially precludes passage of the redox enzyme and hydrophilic redox polymer through the

dialysis membrane, thus entrapping the redox enzyme and hydrophilic redox polymer in the
vicinity of the electrode;
wherein the redox polymer is synthesized by co-polymerizing N-vinylpyrrolidinone and

vinylferrocene.
2. The electrochemical-based sensor of claim 1 further including a working electrode.

3. Anelectrochemical-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 enzyme and hydrophilic redox
polymer in the vicinity of the electrode; and

wherein the redox enzyme and hydrophilic redox polymer are of a molecular weight that
essentially precludes passage of the redox enzyme and hydrophilic redox polymer through the
dialysis membrane, thus entrapping the redox enzyme and hydrophilic redox polymer in the
vicinity of the electrode;

wherein the redox polymer is synthesized by grafting vinylferrocene to polyethylene

glycol.
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16 4. An el ectrochem cal -based sensor conprising: an electrode with at

| east one el ectrode surface; a filmdisposed on the el ectrode surface, the
filmincluding: a redox enzyme; and a hydrophilic redox polyner; and a

di al ysi rane disposed on the fi|m wherein the dialysis nmenbrane serves
to entrszPEECP@ 1@ﬂ£¥ﬁ§1§ﬁﬁmH§Hﬂﬁﬁﬁﬁllc redox polymer in the vicinity of

the el ect ragcg%m@ag“)m% Eéaglt &n}é%léc%@@%sxﬁ%%{”e and hydrophilic redox polyner

are of a nol ecul ar wei ght essentially precludes passage of the redox
enzynme and flyddispdsid oo theedextrodelsyrfare, therfdmghcluthieg: di al ysi s nenbrane, thus
entrapping the redox enzyne and hydrophilic redox polyner in the vicinity
of the el ectFOUE?YMief¥ n the redox polymer is synthesized by grafting

ferrocenezg%mgﬂﬁﬁhg%hgggoggwng&hyethyIeneinine (PEI'). 17

a dialysis membrane disposed on the film,

wherein the dialysis membrane serves to entrap the redox enzyme and hydrophilic redox
polymer in the vicinity of the electrode; and

wherein the redox enzyme and hydrophilic redox polymer are of a molecular weight that
essentially precludes passage of the redox enzyme and hydrophilic redox polymer through the
dialysis membrane, thus entrapping the redox enzyme and hydrophilic redox polymer in the
vicinity of the electrode;

wherein the redox polymer is synthesized by grafting ferrocene carboxaldehyde to

polyethyleneimine (PEI).
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