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1. INTRODUCTION

The clinical conditions of diabetes mellitus arelvik@own and well understood, yet remain a
growing concern as the prevalence of the diseaseares worldwide at an alarming rate. A number
of life-threatening and life-impeding conditionsegtly affect the diabetic community, resulting in a
much greater risk of cardiac, nervous, renal, acwaerebral and peripheral vascular diseases.a$t w
estimated that 2.8 % of the world population wadecéd by diabetes in 2000, approximately 171
million people [1]. By 2030 however, this is projed to more than double, with 366 million people
suffering from the disease globally [1]. Treatmbas become a far more sophisticated science, with
self-testing becoming increasingly more compact aodurate, and continuous glucose monitoring
now obtained from practical commercial sensorsucGée sensors are therefore a highly active area of
sensor research, and accordingly they accounpfanoaimately 85% of the biosensor industry [2].

Sensitive and selective glucose sensors are ngtelelvant for use in blood sugar monitoring,
but also in the food industry, bio-processing amdhie development of renewable, sustainable fuel
cells. Non-enzymatic glucose electrodes used iectioxidation show considerably greater
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sensitivity, with oxidation currents as high as mM™ cm? now being reported [3]. However, the
superior selectivity and relative non-toxicity afizgme based electrodes has retained the focus of
commercially available glucose sensors on enzynsgstems.

Over the past decade the development of non-enkynghicose sensors has risen at a
considerable rate. The fabrication of a wide vgrigf nanomaterials has introduced a plethora of
selective and highly responsive glucose sensoms20D5 Park et al [4] published an excellent and
authoritative review regarding the developmentai-enzymatic glucose sensors. Yet, in the 5 years
since, over 80 glucose sensors have been repdrsddde6 1, 2 and 3), and a further 60 publications
report possible non-enzymatic materials that maydeegeloped and used for glucose sensing.
Research into this area of sensing is therefordeetly in full force, and in this review we hope to
assess the current situation with respect to thetipal application of non-enzymatic glucose sesisor
we note. In 2008 two extensive critical reviewseazymaticelectrochemical glucose sensors were
published by Heller and Feldman [5] and by Wang [2Js such, enzymatic systems will be briefly
discussed herein, but the reader is encouragedan the latter two reviews for more substantial
understanding and detail.

2. ENZYMATIC GLUCOSE SENSORS

Enzymatic glucose sensors dominate the biosensidgsiry, particularly with the ever
advancing development of self-testing and contisuolood glucose monitoring. The first enzymatic
glucose sensors were introduced by Clark and Lyord962 [6], in which oxygen consumption was
monitored based on the catalytic oxidation of gkecan the presence of oxygen. Problems with
varying amounts of background oxygen led to furtthevelopment of the oxygen sensor by Updike
and Hicks [7] which corrected for background oxydevels. The first amperometric enzyme glucose
sensor was developed in 1973 [8], in which the anprbduction of hydrogen peroxide was analysed
instead of the highly variable oxygen reductionrent. Since this ground work the field of glucose
sensors has progressed rapidly with increasinghpvative, efficient, and superior electrochemical
technology being developed every year.

Originally, and until relatively recently, the emag glucose 1-oxidase (GOx) was the main
catalytic component used in enzymatic biosenstrsias described as the ‘ideal enzyme’ for glucose
oxidation in the review by Wilson and Turner [9] 1992, owing to a relatively high selectivity,
sensitivity and stability, compared to other enzyimanaterials. The key component of the large
protein molecule is the redox centre, flavin aderdmucleotied (FAD). The flavin group is reduced
on interaction with glucose, thus producing theosegroduct of glucolactone, in accordance to
equation 1.

GOx(FAD) + glucose—* GFADH,) + glucolactone (2)

This redox centre is deep within the enzyme howewestected by a thick protein layer. As
such electron transfer to the active centre is @mieniting factor, and the cause for complicated
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electron transfer mechanisms. To date, three appses are in place to oxidise the reduced FADH
centre, catalytically regenerating it either by ueidg naturally present oxygen, reacting with a
mediator, or direct oxidation by the electrode. sish, enzymatic glucose sensors are discussed with
respect to their regeneration mechanism, as wiblmerved in the following sections. They are also
summarized in Figure 1.
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Figure 1. Summary of enzymatic glucose oxidation mechanigresented as first, second and third
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2.1. First generation enzymatic glucose sensors

First generation glucose biosensors are dependketiteopresence of oxygen as a co-substrate
to ensure the catalytic regeneration of the FADreenThe consequent reaction is shown in equation
2, and is the immediate process to follow equatiabove.

GOx(FADH,) + & —> GOx(FAD) + HO; (2)

The original Clark oxygen electrode used depletibnxygen as a guide to glucose oxidation,
the approach used in the fabrication of the firstnmercial glucose biosensor by Yellow Spring
Instrument Company in 1975. Two years prior ts towever, an amperometric approach to glucose
determination was proposed by direct measuremenheothydrogen peroxide produced [8]. This
offered a more simple, precise and selective amhraa blood glucose testing as interference by
background oxygen was eliminated, and the sendiritydrogen peroxide at the anodic potential of
0.6V vs. SCE, gave a current directly proportiotmlthe glucose concentration. The oxygen was
regenerated in the oxidation of the peroxide, tieypdenishing the oxygen electron mediator.
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First generation glucose electrodes face two majablems however; the presence of
electroactive interference species in the blood ted dependence on free oxygen as a catalytic
mediator. The former problem is addressed moretlghly in Section 4 of this review, but in short
the potential range at which hydrogen peroxidexisised coincides with the oxidation potential of
numerous compounds found in blood. These arallist&able 4, alongside their normal human blood
levels. Furthermore, the frequent use of a madlifdatinum electrode leaves the sensor open to
fouling by blood proteins and adsorptive inhibitiby chloride ions. As such various approaches to
avoid interference effects have been undertakerites® are discussed later on.

The oxygen dependence of first generation enzymeogke sensors is a problem specific to this
generation. The errors surrounding this high ddproe on oxygen to mediate regeneration of the
catalytic centre are quite significant, as oxygewels can vary considerably. There is an oxygen
limitation in which there is quite simply not endugxygen available in a real blood sample to
efficiently maintain glucose oxidation, thus thixygen deficit has a great impact on accurate
determination of glucose levels. A number of waysaddress this deficit have been suggested and
demonstrated, yet all involve overcomplicating tladrication method and enlarging the overall
sensor. Approaches include the use of a two-dimeak cylindrical electrode which doubles the
oxygen input relative to the glucose input [10F tise of films that limit specific diffusion, allomg
more oxygen relative to glucose through the film][land also the use of oxygen rich electrode
materials which act as an internal source of oxygethe reaction [12,13].

2.2. Second generation enzymatic glucose sensors

Due to the major problem of oxygen dependence wbdemn first generation enzymatic
glucose sensors, the use of alternative co-substmaas introduced. Synthetic, electron-accepting
mediators are utilised to facilitate electron tfanswith their consequent re-oxidation by the elede
resulting in a quantifiable amperometric curreAtnumber of non-physiological mediators have been
reported including ferrocene derivatives [14,15H darricyanide [16] of which most commercial
sensors use, quinones [17,18] and transition-noetalplexes [19]. Each of these mediators posses a
number of essential attributes that idealise thermehzymatic glucose analysis. These includena lo
molecular weight and insoluble nature so as tocétfely diffuse without complexing, a reversible or
quasireversible properties, a suitably lower redotential to avoid oxidation of interfering specias
high stability and resistance to forming side coommts, and a low toxicity (particularly where in @iv
use would be required).

Unfortunately, problems still remain when using edmator. Being small, diffusive molecules,
maintaining the presence of the mediator near teetrede and enzyme surface is very difficult,
particularly over relatively prolonged use, thugjueing elaborate and complicated methods of
tethering the mediator to the two entities [16--20Qlthough the mediator ideally reacts with the
enzyme at a considerably faster rate than oxydenpossibility of dissolved oxygen also competing
with the mediator is highly likely, thus reducirgetefficiency of the system and causing a buileup



Int. J. Electrochem. Sci., Vol. 5, 2010 125(

hydrogen peroxide. It is also possible for the ia®d to react with interference species presetién
blood, further affecting the accuracy and efficin€ the analytical system.

In recent years, the most innovative enzymatic @gecsensor to have been developed is that
developed by Heller et al with Abbott Diabetes J26.

The FreeStyle blood glucose monitoring system ghesose dehydrogenase (GDH) as the
enzyme as opposed to GOx, and an osmium redox taedihe mediator is chosen in particular due
to its substantially negative formal potential afo0-0.2 V vs. Ag/AgCl, thus allowing a system w/iot
parallel facing working and counter electrodes rye56 mm apart. The oxidised @sis thus unable
to be reduced by the positively poised Ag/AgCl deurelectrode, and current does not pass between
the two electrodes directly.

As such an astonishingly small sample size of @®L.3may be used, and effective bulk
electrolysis of the glucose is achieved [20]. Toatinuous glucose monitoring system, FreeStyle
navigator, more recently commercialised in 2007ijsas a very new patented technology of wired
enzymes [20--22]. GOx is once again selectedasxidising enzyme, and is ‘wired’ to the electrode
surface using a redox hydrogel consisting of apelybound osmium redox mediator. It is a non-
diffusive approach which addresses one of the nssimes of second generation enzymatic glucose
sensors [20].

2.3. Third generation enzymatic glucose sensors

Third generation enzymatic glucose sensors invalirect electron transfer between the
enzyme and the electrode, without the need forrahtar synthetic mediators. This is an ambitious
type of enzymatic glucose sensor, yet in recentsyidnas become increasingly realistic. Achieving
mediator free electron transfer between the eldetrand redox enzyme is of great fundamental
interest. It would be a more perfect system, &s dbmplications of tailored mediators would be
avoided, and selectivity and sensitivity could leeywhigh and unhindered.

As mentioned previously, the biggest difficulty achieving direct electron transfer between
the electrode and enzyme is the thick protein iicivkhe redox active centre is embedded. Mediators
and glucose access this centre by means of diffiesid penetration of the 3D molecular network, yet
this is not possible at a perfect planar electrotferecent years however, rapid advancement in the
development of nano and porous materials have lgraesreased electrode surface areas and
dynamics [23][24,25]. Mesoporous electrode materials are ofi@dar interest [24,25], offering an
electrode surface that entraps and encompassesngtyene. As such direct electron transfer from
enzyme to electrode can occur, and a current goneng to enzyme oxidation may be directly
observed, without the complications of mediatong, intrusion of electroactive interferences, or the
dependence on dissolved oxygen. This does notssadly resolve the interference effects of
dissolved oxygen competing with the electrode tgenerate the enzyme, but the impact can be
considerably lower.

Other approaches reporting the mediator-free oxidaif GOx and other enzymes include the
use of an over-oxidised boron doped diamond eldet(@DDE) [26] in which the surface carboxyl
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groups covalently bond to the enzyme through ghld@hyde, over-oxidised
poly(pyrrole)/tetrathiafulvalene-tetracyanoquinoétimane (TTF-TCQN) salts in a tree-like crystal
growth on a platinum electrod27], and an electro-conductive screen printed polymembrane
[28], though the latter may be deemed a second gemeratnizyme electrode given that the
poly(pyrrole) essentially mediates electron transfe

2.4. The advantages and disadvantages of enzyglatose electrodes

Overall, enzymatic glucose sensors remain a balah@vantages versus disadvantages of
which both are significant. Despite dominating ghecose sensor industry, enzymatic systems have a
number of critical flaws. First generation senssuffer a high oxygen dependency, and are therefore
immediately unsuitable for practical and reliabtalgtical use.

Furthermore, their sensory ability is highly impettby the presence of other electroactive
interferences in the sample that are always comiaoegn real blood samples. To overcome this,
second generation sensors have utilized synthetitiators as opposed to oxygen, achieving oxygen
independence and a lower amperometric potentia #woiding some electroactive interferences. In
compensating however, the electrodes have becoree more elaborate, and complicate mass
production of a reproducible sensor. Finally, dhgeneration sensors are still in their infancy, ye
evidence for working based on nano mesoporousrettsurfaces shows some promjas--
25].Stability issues that surround enzymatic systemsali fields of science also hinder the
development and application of enzymatic glucoss®es. Despite numerous attributes with respect
to relative stability, GOx is still constrained pél ranges of 2-8, temperatures below 4f929,30]
and ambient humidity levelg29,30] Ensuring the stability of immobilized enzyme amédiator
electrodes requires considerable attention, withabalate fabrication processes of
electropolymerisatiof30], covalent cross-linking at a pretreated surfg@d, sol-gel entrapment at
the electrode surfaci82], or even the electrochemical ‘wiring’ of enzymes rmediated polymer
chains[20--22], ensuring greater fabrication costs lower reprdallity, and short-term stability. As
diabetes continues to rise in developing countgash high cost fabrication processes and sholft she
life of sensors become less viable. Despite thmsdblems, enzymatic glucose sensors remain
commercially unchallenged. This is understandgblen the high selectivity of the enzyme towards
glucose. Fabrication by mass production has bewssilple, allowing for single-use disposable
electrodes, due to the possibility of screen pmmtelectrodes. Screen printed carbon electrodes ar
produced from a complex mixture of mediators, ereyamd conductive carbon with binders and
stabilizers, such that the mediator is bound tceteetrode surface along with the enzyme, and tGin s
mediate electron transfer. The method was intreduis the 1990’s by a number of groyp3,34]

3. NON-ENZYMATIC GLUCOSE SENSORS

The use of non-enzymatic electrodes as glucoseorensotentially promises a fourth
generation to analytical glucose oxidation. Indte& facilitating the needs of a fragile and relaty
difficult enzyme however, non-enzymatic electrod@s/e todirectly oxidise glucose in the sample.
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This is an ideal system that was first investigateccentury ago by Walther Loeb [35] who
electrochemically oxidised glucose in sulphuricdaat a lead anode. This occurred long beforedo th
fabrication of the Clark oxygen electrode [6], thhhuextensive research into the non-enzymatic
approach actually coincided with enzymatic develepti{36, 37]. Despite decades of research into
non-enzymatic systems however, the problems adedciith this approach have prevented the
practical application of the sensors.

Table 1 Non-enzymatic glucose sensors that have only tiged potential, chronoamperometric
methods for electrochemical determination. Thdetad presented with respect to electrode
type, sensitivity, linear range, limit of detectiand publication year. Abbreviations are given
at the foot of the table.
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List of abbreviations: a- gold film electrode, bvérse opal, c- ordered mesoporous, d- nanocube, e-
carbon nanotubes, f-quercetin, g- ionic liquidnanotube array, i- carbon fiber paste, j- carbaricio
liquid electrode, k- indium tin oxide, I- three damsional silicate network, m- exfoliated graphite,
hydrothermal, o- nanowire array, p- dendritic platn nanostructures, g- carbon nanofibers, r-self
assembled monolayers, s- titanate, t- modifiedaraderamic, u- layered double hydroxide

This is mostly due to a lack of selectivity at #lectrode, but also the slow kinetics of glucose
oxidation at many ‘bare’ electrodes, fouling of tekectrode by real sample constituents, and the
limited number of systems that are applicable tgspitogical pH.

Table 1 lists the non-enzymatic glucose sensort lihae been developed that use fixed
potential amperometric analysis, as would be usegxhysiological application. Limits of detectiorea
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generally within the realm of blood glucose concatin (i.e. 2-10 mM), sensitivity varies with
respect to surface structure and the catalyst wgtthe development of nano-dimensioned materials
in the last decade coinciding with a sudden sungaoin-enzymatic systems. In the medium fixed
potential amperometry coupled with of flow injectianalysis (FIA) and liquid chromatography (LC),
non-enzymatic glucose sensors were found to betisensnd durable electrodes, with the problems of
selectivity and electrode fouling addressed byube of chromatographic stages.

Table 2. Non-enzymatic glucose sensors that have used figéehtial, chronoamperometric methods
for electrochemical determination coupled with sapian stage such as liquid chromatography
and flow injection analysis. The table is presentetth respect to electrode type, sensitivity,
linear range, limit of detection and publicatiorageAbbreviations are given at the foot of the

table.
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List of abbreviations. a- barrel plated electrodeptating disk electrode, c- chemically modified
electrode, d-multivalent, e-anthraquinone, f- palyflidene fluoride) poly(aminophenylboronic acid),
g- nanofiborous membrane, h- poly-1-napthylamine

These are shown in Table 2, and it can be seenthbdimits of detection are considerably
lower, and the electrodes are generally less edaorTable 3 lists the non-enzymatic electrodas th
have used variable potential amperometric methadtheir analytical approach such as potential
sweep and pulsed voltammetry, therefore againdo$ia imposed selectivity and increased sensitivity
of the FIA and LC.

Direct non-enzymatic electrooxidation of glucoseries considerably depending on the
electrode material used. Electrocatalytic procease essential to glucose oxidation, as it isretise
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a kinetically very slow process that would produoediscernable faradaic current at most commercial
electrodes. This explains why direct glucose axishaoften does not adhere to scan rate dependent
voltammetry, indicating a non-diffusion controllgdocess [4,38]. A number of electrode materials
have been used over the past 60 years; some aee frequently used than others. The following
sections discuss the electrooxidation processltaroge at a number of electrodes, namely platinum,
gold, nickel, copper and carbon electrodes.

3.1.1. The mutarotation of glucose

Glucose has three aqueous isomers denctgdcose (-G), -glucose (-G) and -glucose (-
G) shown in Figure 2.

C, atom

hemiacetal

a-glucose y-glucose B-glucose
37 0.003 63

Figure 2. The interconversion of glucose anomers (and ) and their relative ratio at pH 7. The
hemiacetalic €atom is highlighted to indicate the differencevizsn the two anomers.

The former two species are the most abundant irtisal and correspond to cyclic hemiacetal
forms. -G is an intermediate between the two cyclic grougsd corresponds to a linear, free-
aldehyde form of the compound. When at equilibriamvater at room temperature these isomers are
present in the ratio of 37:63:0.003 far and respectively [39], thus indicating that glucosenisst
stable in its cyclic form.

The enzymes GOx and GDH are anomer specific, reBpgronly to -G and as such an
awareness of the ratio ofto glucose in the blood is necessary. Glucose iotererts between the
and form until a thermodynamic equilibrium is estabésl. In water at pH 6.8 this can take over 2
hours at room temperature (ca. 24°C) [40], anddledound to have approximately the same ratio of
glucose anomers as in water [41]. Mutarotatiorofed first order kinetics, the rate of interconversi
increasing with temperature, yet the process ig slew, and even at temperatures of 45 °C the odtio

to only shifts to ca 40:60 after equilibrating. Asetcells uptake -G in the blood for use in
glycolysis, the equilibrium is actually maintaineg mutarotases [42], enzymes secreted at the ksdney
and liver that accelerate the interconversion ¢ glucose. As such, changes in temperature when
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conducting in-vitro analysis of blood is not a cent The rate of mutaroation is acid base catdlyse
however, with alkaline solution shown to favou6 in a 20:80 ratio of the anomers [39]. As suhbk,

pH of a solution is highly important when condugtiglucose tests that are to reflect the whole blood
glucose concentration, as the physiological ratio @ glucose can shift significantly. Furthermore,
an anomeric effect has been observed for glucoséhich -G is oxidised at a faster rate thai@s,
suggesting a preferred orientation for glucose qudism on platinum electrodes [39,43].

3.1.2. Theories of non-enzymatic electrocatalysis

Non-enzymatic electrocatalysts come in a numbdoihs, specifically; metals (e.g. Pt, Au),
metal oxides/ semiconductors (e.g. Ni(QHRUG,), alloys (e.g. PtPb, PtRu), complexes (e.g. cobalt
phthalocyanine) and carbon based (e.g. carbon wa@®st boron doped diamond). Apart from the
latter all the catalysts listed are dependent trargsition metal centre. The process of electadgsits
is generally observed to occur via the adsorptibih® analyte to the electrode surface, a prodess t
presumably involves the d-electrons and d-orbitdlthe metal substrate that allows it to form a
suitable bond with the adsorbate [44]. This basdequired to form and break in the midst of the
catalytic process, and as such a bond of interrteedimength would be ideal, so as not to limit
adsorption or hinder desorption at any stage. ddre strength is dependent on the Gibbs energy of
adsorption. Alternatively a change in bond strengtay be imposed by a change in the metal
oxidation state, which might alter the adsorbatéammteraction and encourage desorption of the
product [44].

The geometry of the electrode is also highly imaattas is evident in numerous single crystal
studies of glucose oxidation [45,46] and other niganolecules [44]. Pletcher suggested the catalyt
process may occur via a concerted step, i.e. theeps of hydrogen abstraction occurs simultaneously
to the adsorption of the organic species. Inddbd, rate determining step in most glucose
electrooxidation experiments is deemed the removahe hemiacetalic hydrogen atom [47] (see
Figure 2), and the chemisorption of the analytgeiserally considered to occur simultaneously. This
would mean that adjacent metal active sites woeletcupied by a single adsorbate at any time, in
accordance with Scheme 1.

R/ R 0

P NS L
# o= EH/@I‘\O/H ] R\C{__-O/H
TN T I 77 T TMI TN T TTMT 7 TN 77

Scheme 1An illustration of the concentric adsorption theavigh adjacent adsorption sites proposed
by Pletcher [44].
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As such, in the fabrication and study of electralysts both electronic and geometric factors
must be considered, so as to fully exploit the tktnenhancements offered by well spaced adsorption
sites and increased surface area.

The proposal of active transition metal centregsthe electrode only explains the adsorption
process onto the surface however, but fails toidenshe oxidative role of hydroxyl radicals. ks
been evident in numerous publications; [46--50} thkectrooxidation of glucose and many other
organic molecules coincides with the onset of dustbOHgs. Burke [51] discussed the importance of
this hydrous oxide layer on the electrocatalytiogess, and proposed the ‘Incipient Hydrous Oxide
Adatom Mediator’ model (IHOAM). This was based tive observation that ‘active’ surface metals
atoms undergo a premonolayer oxidation step thatdaan incipient hydrous oxide layer of reactive
OH,4s that mediate oxidation and inhibit reduction afiddically slow electrode reactions. The active
sites of the electrodes surface are considere@ve a low lattice co-ordination value (LCN), and as
such lack normal lattice stabilization energy. sTaéccurs frequently across a polycrystalline serfaic
discontinuous areas such as grain boundaries ayebednd also across the surface generally due to
direct exposure to the solution relative to theklarlystal structure. Due to a lack of stabiliteyrare
more reactive, and thus undergo premonolayer dwmidadt lower potentials than thermodynamic
surface oxidation predicts.

The catalytic importance of the active QHlayer was well known with respect to small
organic compound oxidation, as the formation of hiydrous species was recognised as a fast, pre-
oxidation step following chemisorption of the glseo molecule [38,43,48,52]. The hydrous
premonolayer then mediates oxidation of the adsbdpeecies at potentials considerably lower to
normal. This process is illustrated in Scheme 2.

ELECTRO-OXIDATION ELECTRO-REDUCTION
(glucose) MIOH]...
RRED ; 5 j ’ RED
I:ROX
(glucono-
lactone)

Scheme 2.A schematic illustration of the IHOAM model in whicM™ is the reductive metal
adsorption site, and M[OHl}is the oxidative adsorbed hydroxide radical. $bkeme shows
how both oxidative and reductive processes ardysaih at the metal surface.
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Both the activated chemisorption model [44] arel -HOAM model [51] will be considered in
the following sections regarding each main metattebde individually. It seems that the IHOAM
model is most apt for enhanced catalysis of théimpien group metals (i.e. platinum, ruthenium,
iridium and palladium) and gold. This is possilye to the majority of research regarding non-
enzymatic electrocatalysis involving these metalwdver. The hydroxyl group undoubtedly plays a
role in the electrocatalysis of glucose at nicked @opper electrodes too, as seen later on, hoviever
these cases an incipient hydrous premonolayertifonmed to induce catalysis, but an oxidationestat
change of the metal hydroxide.

Table 3. Non-enzymatic glucose sensors that have used swgepptential methods such as linear
sweep, cyclic and square wave voltammetry for edebemical determination. The table is
presented with respect to electrode type, sersitilinear range, limit of detection and
publication year. Abbreviations are given at thetfof the table

5 235 205 202 +
= ' % 2006 $%%&
52 ( (% 2009 $%(&
B! : ( <" 2009 $#H&
@' @1 "D "o 2007 $U%H&
/= ! ( * * 2009 $# &

3 - 1602 ! ) ¢ | 2009 $"%H&
4 /02 ! C o # 2009 $#&

+@ ' 50 ! # H# 2007 $#H &

125 1+))+

03++ * " moon " 2009 $ &

03++ / ; # " " 2009 $ &
+0 ' ! ( ! 2009 $H#H&

3++ ! 2005 $"&
3++ ! ! ! 2009 $ &
02 0@ 1)0 1+)-)02
/= ! ( * * 2009 $#&
5 ! (< : 2004 $" &
) ! ! 2007 $'#&
1 +01 )252@

1) 'D " " ' 2009 $"# &
/= [ ( * * 2009 $#&
5 ! (4 ' 2004 $" &

0/2 = ! no 2008 $"H(&

1) 5 + ’ ! " 2001 $'#H &
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List of abbreviations: a- amine functioned hexagomasoporous Si§) b- boron oxide, c- dihexadecyl
hydrogen phosphate, d- boron doped nano diamomtamond-like carbon, f- poly-1-napthylamine,
g- polyanaline, h- cobalt (II) phthalocyanine tstrionate, i- molecularly imprinted, j-
phenylendiamine

* - these values are in units of mA iV
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3.1.3. Nanomaterials in glucose sensors

Recent advances in the development of glucose e ymatic and non-enzymatic, revolve
around the increase in the synthesis of nanomésteria

Nanoporous and microporous materials have raisdgtplar interest, as is evident in Tables 1,
2 and 3, for non-enzymatic glucose sensors aloou8 materials offer surfaces with a high surface
to volume ratio. As such they have made an impacseveral industries such as microelectronics,
clean energy, environment, petroleum and gas, raatwing and agriculture. A selection of
nanostructured materials that have been used ienpymatic glucose sensing are shown in Figure 3.

Figure 3. A selection of nanostructured nonenzymatic ele@nodghterials. a) PtPb nanoporous (from
[77]), b)Au nanowire array (from [93]), c) Ni migparticles on BDD(from [106]) and d) CuO
nanofibers (from [248]). Figures reproduced wignmission from all cited references.

For platinum and gold electrode the activity of électrode is often considered in terms of its
roughness factor, in which the greater the surfacghness, the greater the electrochemical activity
This is directly related to the need for activeesitfor adsorption as discussed by Pletcher [44]
previously. Nanoscopic electrode materials impsery high active surface area that is signifigant
greater than the geometric surface area, whicldaalifor a kinetically controlled, surface bound
reaction such as glucose oxidation. The activéasararea of a porous platinum electrode has been
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shown to be up to 600 times greater than a plaolgcrystalline platinum electrode [53], and as such
kinetically diffusive interference reactions areingible relative to the adsorptive reactions.

The introduction of carbon nanotubes to enhancetreleatalysis also demonstrates the
advantages posed by increasing surface area. ®tgetintrinsic electronic properties of carbon
nanotubes, modifying a planar electrode with theéene produces a carbon electrode surface that is
essentially porous, offers a very high surface ,aaad is very diverse with respect to modificateom
range of application. The use of surface modiiatbon nanotubes is significant in the literatare,
can be seen in Table 1 in which 20 electroanalyteorts of glucose electrooxidation using carbon
nanotubes are reported. Here we see carbon na&sotldcorated with nanoparticles of platinum
[54,55], bimetallic platinum [55--57], copper [58]5and nickel [60], all reporting a doubly enhanced
response due to the carbon nanotubes and metgbadictes.

3.2. Platinum electrodes

3.2.1. Mechanism of glucose oxidation at platinum

A large amount of the work first investigating td@ect electrooxidation of glucose was
performed at platinum electrodes [38,43,48,52,61--6Researchers have explored the behaviour of
glucose at a platinum electrode in acid [61], reufB8,52,62,63] and alkali [38] conditions. A
common conclusion from a number of authors was thatsole product of oxidation is gluce-
lactone, which hydrolyses to gluconic acid on stagdregardless of the solution pH (Scheme 3)
[38,48].

H OH H OH HO
H_o -2H" H_o hydrolysis OH
HO —= 0 — o]
HO . o~ OH e~ HO - s H,0 HO
\ H b o HO OH
B -glucose gluconolactone gluconic acid

Scheme 3The 2éoxidation of glucose to gluconolactone and furtimgdrolysis to gluconic acid

However, spectrochemical evidence regarding intdiate adsorbates has frequently
disagreed, suggesting reduced,COO,gsand fragments of the glucose molecule to alsorbsgnt as
oxidation products [43,63].

The cyclic voltammetry of glucose at a platinumctiede is reflective of the three distinct
areas associated with platinum voltammetry, thatigiey vary significantly depending on electrolyte
and temperature conditions. Investigation by Vesilet al [38,48] and numerous other authors
[43,46,52,61--64] all conclude that in the anodi@ep three oxidation peaks are observed. A typical
cyclic voltammogram of glucose on a platinum eled& at pH 7 is shown in Figure 4 (edited from ref
[64]) with each peak numbered, including the twthodic oxidation peaks 4 and 5. Platinum and
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platinum group metals electrocatalyse glucose dxidain a manner that is, for the most part,
analogous to the electro oxidation of methanol, hayeal and methanoic acid [38,48,49,65,66].
Scheme 4 illustrates the 3 oxidation mechanismsceéged with each potential region of the platinum
electrode. These are as follows.

Peak 1 — The chemisorption and dehydrogenationlusfoge in thehydrogen region. This
initial step is the dehydrogenation of the glucos®ecule at the hemiacetalic carbon 1 aton) (€3],
and adsorption of the glucose molecule onto th&npla surface (Sch. 4a). This occurs in the
potential region of > 0.3 V vs. RHE, with the remabwf the first hydrogen atom considered the rate
determining step [38,47].

100}

L L
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

E (V) vs SCE

Figure 4. Typical cyclic voltammogram of glucose oxidation.1®) taken at 30°C on a bright
platinum electrode in pH 7 phosphate buffer (0.2 NEdited from Figure 7 in reference [64]
Reproduced with permission from [64]. Copyright @0The Electrochemical Society

Peak 2 — Electrooxidation of the chemisorbed spgeoiecurs in thedouble layer region
spanning <0.3 to <0.6 V vs. RHE. At increasinghpdic potentials, the abundance of &44pecies
increases, as the fast dissociation of water @a¢h(i)), and subsequent adsorption of the hyd®xi
anion occurs. In accordance to the IHOAM modad,ititipient hydroxide is catalytic to the oxidation
of the adsorbed glucose, thus accelerates elegidatmn by following reaction b(ii). Thus the
maxima for Peak 2, and surface bound glucose aainlas observed at the potential onset for pre
monolayer oxygen adsorption on platinum [38,48,8]L,5

Peak 3 — The@xygen regiorfrom ca. >0.7 V vs. RHE to the onset of bulk oxygolution.
Here the platinum surface is covered by a monolayexdsorbed oxygen, initially inhibiting glucose
oxidation as Oklsis desorbed and replaced by less catalyticallwadikhds However, as soon as a
suitable PtO film has formed, direct catalytic @tidn of the bulk glucose solution may occur. Tikis
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observed experimentally as the reaction kineticob® diffusion controlled rather than surface bound
[61,62], and inhibition of the reaction is now oh&sl as other oxy-compounds are formed at the
platinum instead of platinum oxide. This reactisrshown in Scheme 4c, and is followed by the
immediate regeneration of the PtO layer.

In the above approach it is assumed that the gtuorilation pathway follows Scheme 3, i.e.
glucose to gluconolactone to gluconic acid. Howespectrochemical evidence of glucose oxidation
suggests otherwise. Bolzan et al [63] used onifimess spectrometry to explore the oxidation
intermediates and products observed during gluegiskation on platinum.

a) OH
\ / Pt T

/ \ dehyd rogenation / J

b)
) HO —>» OHy, + H + ¢
(ii) 0. OH 0 /o
\c,/ + OH, —> \c=o + HO —> RfC/
/ C / “OH
R ads
c)

\/ 7

N
+ PO —» c=0 , Pt + HO ——» R—C
/ ] # ™ OH

Scheme 4A possible mechanism for the oxidation of glucosse platinum electrode.
a) Glucose is adsorbed onto the platinum surfattewimg hydrogen abstraction at the C
position. This dehydrogenation process is obsenveeak 1 of Figure 4.
b) (i) the dissociation of water to produce hydd®xanions
(i) the subsequent oxidation of adsorbed glucgsthbe adsorbed hydroxide ions
c) Oxidation of glucose by PtO in the oxygen regibthe scan in Figure 4, peak 3

They found that C®was formed in the hydrogen region via the hem#&weC atom, via
decarboxylation of a gluconate intermediate. Endbuble layer region a number of strongly adsorbed
intermediates are formed bound at the C1 and @hatoms which then oxidise to GOBeden et al
[43] used Fourier transform infrared reflectancecdmscopy (FTIRS) to discern the structures of the
adsorbed intermediates. They claimed that in thebl® layer region the dehydrogenated glucose
species was adsorbed as the gluconate bound abrotveo oxygen atoms, but at E< 0.6 V the
intermediate was adsorbed gluconolactone. Therlattestigation again stressed the importance of
‘active’ OH anions in the vicinity of electrode surface tovdrthe double layer oxidation by breaking
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the C-O-C bond. However, Beden makes no claimae tobserved the formation of €@t the
surface.

Skou [61] investigated the oxidation of glucoseha PtO region (i.e. Peak 3) in both acidic
and neutral conditions. It was observed thatikadb the blank solution, surface oxide formatwas
inhibited in the region of Peak 2, presumably doehie presence of adsorbed glucose, yet a large
oxidation peak (Peak 3) was observed at higher ianmutentials. The peak current of Peak 2 was
found not to alter with increasing scan rate, y&akP3 was scan rate dependent.

3.2.2. Disadvantages of platinum electrodes

The oxidation of glucose on platinum strongly degseron the electrolyte conditions,
particularly the nature and the concentration efidns present [64]. This is due to the dependehce
glucose adsorption on the availability of the plath surface. Competitive adsorption by other agjion
especially true of phosphate anions [38,64], ther#of hydrogen and hydroxide adsorption, and the
isomeric structure of the glucose molecule (i.e. or glucose) [39] all influence the extent of
glucose chemisorption, and therefore the exteglumfose oxidation. The HR® anion (pKa 12.48 at
25°C) is the most abundant at pH 7.7 to pH 12.@Bisralso has the greatest affinity for adsorption
onto platinum out of the phosphate anions. Ithisréfore necessary to consider the competitive
adsorption of the anion when investigating glucelsetrooxidation on platinum in neutral phosphate
buffers that do not reflect human blood conditifE%67].

Because of the dependence of glucose oxidatiorh®mégree of adsorption to the electrode
surface, direct proportionality between the oxidatcurrent and glucose concentration is lost as soo
as the electrode surface is saturated. This imiéirlg factor for platinum electrodes, as the &ne
range for glucose oxidation becomes dependent ereléctrode surface area, and this is over the
physiological glucose concentration range of 2@ond@. Furthermore, the activity of the platinum
electrode largely dictates the extent of the caétalurrent for glucose, and is difficult to repume
from one experiment to the next [38]. The electrosurface structure is paramount to the
electroactivity of platinum towards glucose oxidatiand a number of other small organic molecules.
Adsorption sites vary across various single cryatad polycrystalline surfaces thus greatly altering
adsorption and surface activity, and therefore filmedamental kinetics of glucose oxidation at
platinum. The onset and degree of catalytic agtivierefore varies depending on surface strucase,
researchers have observed [44,46,48].

One of the biggest drawbacks of using platinum tedeées however, especially in the
physiological condition, is its tendency to undergoisoning from so many species. Within
physiological solutions numerous species existithatediately inhibit the electroactivity of platimu
One of the most significant constituents is chlerahions, which strongly chemisorb to the surfdce o
platinum and thus render the surface inaccessibdguicose, hydrogen, and hydrous oxide, particularl
in acidic solutions [38]. Other organic compouradso severely reduce the ability of platinum, in
particular amino acids and other blood based prsteind electroactive compounds such as uric acid
(UA), ascorbic acid (AA) and acetaminophen (AP),ickhalso strongly adhere to the surface and
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react. However, even in the absence of the exttespecies, platinum can undergo self poisoning
during the oxidation of glucose, simply due to thdsorption of the oxidation products and
intermediates [43,63]. Essentially the surfaca pfatinum electrode is non selective to what dusor
onto it, and as such, poorly diffusive moleculeshsas glucose, can not compete for electroactive
surface over any length of time.

Finally, the significant cost of platinum far outgls its practical use in disposable glucose
sensors, and without a doubt their application woudstly increase the cost of the overall product.
This is a factor that can not be ignored in thede#or practical, non-enzymatic glucose sensass, a
the prevalence of the disease rapidly increasescanomically poor areas of the world, and the
enzymatic alternatives are screen printed carbsadealectrodes.

3.2.3. Recent advances in platinum electrode falion

From Table 1 it is evident that despite the drawbaassociated with platinum electrode
discussed above, the electrode material has beesisteatly used, and in recent years, quite
successfully. The introduction of nano dimensitmnslectrode materials seems key to their succlessfu
application, with nanoporous [53,68--72], nanopéeti[73,74] and other nanostructured [55,75]
platinum, electrodes emerging. The latter pubiicest report enhanced amperometric detection that
avoids electroactive interference due to the irsgdaroughness factor of the electrode surface, as
discussed in section 3.1.2.

A platinum iridium (Pt-Ir) nanoporous material wiasind to give a very strong and sensitive
response to the amperometric oxidation of glucd&, [despite the presence of the electroactive
interferences AA, UA and AP, and also a high cotregion of chloride anion. This is in part due to
the cathodic shift in optimum amperometric current0.1 V vs. Ag/AgCl, a potential at which the
interferences are not active. The shift is atteluto the enhanced catalysis imposed by the mdiu
Another platinum bimetallic porous electrode repdrby Wang et al [77] reports improved sensitivity
and reduced poisoning effect from,Gls well as a much lower amperometric potentiaDdi8 V vs.
Ag/AgCIl. A comparable sensitivity from a PtPb nere@ array was also reported in 2008 [78] by
operating effectively at a negative potential oR-¥ vs. SCE, again reducing the effect of unwanted
electroactive interference species. Platinum n#ndé arrays [75] were reported prior to this i®20
and shown to discriminatively enhance the catals¢gponse to glucose, though the sensitivity was
much less than has been observed at porous plagfeatnodes.

Overall, the introduction of nano materials to &lede fabrication has led to an improvement
in the development of platinum electrodes, paréidylwith respect to a resistance to fouling anel th
effect of interference species.

3.3. Gold electrodes
3.3.1. Mechanism of glucose oxidation on gold ebeles

Gold electrodes are very weak chemisorbers duellénl fd orbitals, yet display a higher
electroactivity towards glucose oxidation than iplamn, and have therefore also been greatly
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researched as non-enzymatic glucose sensors. [Eh&oeatalytic behaviour of gold is highly
complex however, and despite numerous investigsitidie exact mechanism for glucose oxidation at
gold remains undetermined, though a variety of mmaidms have been proposed [47,48,50,51,79,80].
Vasil'ev et al [48] claimed the process to be thens as on platinum electrodes in which the C
hydrogen atom was first detached, and adsorbed @ddies then further oxidised the adsorbed
intermediate to form gluconic acid. A number ofe@shers disagree with this however [47,50,63,79]
due to the different pH dependence, position otdémpeaks, the potential onset of glucose oxidation
and the much reduced level of self-poisoning arsbdzhte poisoning on gold.

The catalytic component of gold electrode is beleto be hydrous gold oxide, AuOH, which
is formed by the chemisorption of hydroxide anidnsthe gold surface. This effect is more
pronounced at higher pHs, and occurs in the regiopremonolayer oxidation of the gold surface
[48,51]. Anodic sweeping voltammetry over a ranggHs found that at pH < 3 glucose could not
undergo oxidation until the gold surface was suytalxidised. At pH>4 however, the onset of glucose
oxygen shifts cathodically, and is observed on ribe-oxidised surface. Thus Vasil'ev et al [48]
concluded that chemisorbed Qkfparticles take part in the slow step of glucosiation, explaining
the pH dependence of the catalysis. This is alspparted by the IHOAM model [51] of
electrocatalysis, in which Burke stipulates tha¢ tlectrocatalytic nature of gold is due to the
hydroxide premonolayer formation.

HO ——» OH + H (3)

Au + OH — AuOHys (4)

This process occurs at potentials of ca. -0.13d/0vs. SCE depending on the surface structure
of the gold electrode. Unlike platinum howevechemisorption process is not evident, and therefore
possibly occurs at the hydroxide surface, andlisi@d by rapid oxidation of adsorbed glucose by th
adsorbed hydroxide anions. Investigations usingtéise and sodium gluconate, both lacking the
labile G hemiacetalic hydrogen, have found that their didchais inhibited at a Au(100) surface in pH
7.4 in the double-layer potential region (i.e-Q®&t6 V vs. SCE) [45,47,65]. The latter investigat
by Hsiao et al also observed the deuterium labejladose versus normal glucose, and confirmed that
the removal of the hemiacetal hydrogen was in flaetrate determining step of the reaction, as was
previously observed for platinum. This strongly gests that the hemiacetalic hydrogen is essential t
the initial glucose oxidation on gold, and an abdsdrradical intermediate is observed prior to gheco
oxidation [47,48].

FTIR and HNMR investigations showed gluconic acid, via glualactone, to be the sole
product at potentials cathodic of the gold oxidatto higher oxides (i.e. A@s). It is possible that
further oxidation of glucose occurs at these higitipdic potentials, as G®as been observed as a
product suggesting C-C bond cleavage [63]. Alsor#sponse of sodium gluconate on single crystal
Au(100) gives two strong oxidation peaks rathentki@e three observed for glucose, indicating the
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most cathodic peak to be the formation of the ghiccacid [45,47], or at least due to hemiacetalic
carbon.

Rotating disk experiments at a polycrystalline gelectrode [47] showed a curious decrease in
peak current with increasing rotation rate sugggstiompetitive adsorption of intermediates with
impurities and the further oxidation of the adsadrbgermediates on gold electrode, which gavetase
the high oxidation currents. Larew et al [50] indebelieved that oxidation above gluconolactone
occurs at gold electrodes depending on glucoseectration and electrode potential. They proposed
four processes regarding the latter two parametEnst, at high glucose concentrations a 2 electro
step oxidation to gluconic acid occurs. Secondicghic acid is the product of a low glucose
concentration but at a potential lower than -0.35 Yhe third observation was at low glucose
concentrations but potentials greater than -0.38& oxidation involved more than 2 electrons. eHer
it was postulated that an oxidative cleavage betveeebon atoms 1 and 2 may occur, as well as the
oxidation of carbon atom 6. Finally, the fourthsebvation, to satisfy an even greater oxidative
current, was the possible formation of an endidermediate. However, mass spectrometry
investigations indicate CQs not formed until the onset of higher gold 0xd&3] therefore oxidation
is unlikely to proceed to C-C bond cleavage witti@ double-layer region.

As with platinum, the mechanism of glucose oxidatmn gold also depends on the gold
surface structure. Significant differences in &oltnetry have been observed on single crystal gold
electrodes of varying crystallographic planes, #wabe in turn differ greatly to the process obskrve
on polycrystalline gold [45,47,48]. The dependencesurface structure indicates a dependence on
adsorption sites and surface activity, and theeefupports the activated chemisorption model [44].
On the other hand, gold is a poor chemisorber,aanduch it would be deemed a very poor catalyst
with respect to the latter model. Recently Burkeppsed an alternative view of gold electrode
surface, suggesting that its electrocatalytic bihavarises from metastable surface states (MMS)
[79]. These metastable states function as eleatimbtic redox mediators, and allow the oxidatagn
the surface by an active hydrous layer at a mudhaed potential relative to usual monolayer oxide.
This is once again the basis of the IHOAM model ibdurther illustrates the dependence of gold
electrocatalysis on the activity of the electrodeface and thus provides some explanation for the
difference in single crystal catalysis, and ther@@nhancements by nanomaterials.

3.3.2. Disadvantages of gold electrodes

Pure gold electrodes are more selective than platielectrodes, yet still exhibit an affinity for
the adsorption of chloride ions in neutral conaitd48]. It was observed that in neutral phosphate
buffer solutions, glucose electrooxidation rate rdases proportionally to the chloride ion
concentration, with the strongest effect obserwddss positive potentials. This is believed dug¢he
displacement of adsorbed chloride ions by adsodbgden at higher potentials on the gold surface
[48]. Despite a significant decrease in sensititit glucose when in the presence of chloride aion
the gold electrode maintains a directly proportiarignal to glucose concentration over a broadaline
range [48]. Alkaline conditions practically elinaite the effect of chloride, even at physiological
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levels of the anion. The presence of various aweere found to be inhibitory to glucose oxidat@mm
gold electrodes in acidic media, in particular sgly adsorbed anions such as chlorides, sulfidds an
phosphates [80]. The investigation found thatabielic media did not inhibit glucose oxidation, and
that in the absence of the adsorbing interferingcis glucose oxidation readily occurs on gold in
acid. Amino acids, however, almost completely lithithe gold electrode surface, preventing
electrooxidation in both neutral and alkaline cdiotis, and as such a semi-permeable membrane
across the electrode surface would need to be gewblo protect against fouling.

Again, the cost effectiveness of using gold makzimmthe fabrication of disposable electrodes
must be considered. As with platinum electrodes,high cost involved is a significant disadvantage
to using gold or gold modified electrodes in thgplcation. Gold electrodes therefore remain as
unsuitable to glucose biosensor applications asinpla electrodes, unless used in suitably small
quantity as is possible in the fabrication of naatemals.

3.2.3. Recent advances in gold electrodes

Similarly to platinum, advances in gold electrodeave tended towards the use of
nanomaterials in recent years. Porous and nartofeat gold surfaces [81--85], gold nanoparticles
[86--91] and gold nanotubes and nanowires [92,88¢hall been utilised in the past 5 years to irsgea
the active surface area of the electrode and eehalactro-oxidation.

Bai et al [81] fabricated a unique electrode matetescribed as a three dimensional gold film
electrode (3DGFE). The electrode was found toigkly catalytic towards glucose relative to other
gold porous electrodes, and was able to operatete#tly at a negative potential of -0.3 V vs. SIGE
a NaCl electrolyte. As such the electrode obsen@dnterference from AA, UA or AP, and also
proved to be unaffected by the presence of chlaaigiens in the solution. A similar response was
obtained by a highly porous polycrystalline goldottode treated by an amalgamation process [82].
Again the operating potential for glucose detectionld occur at a more negative potential of -0.1 V
vs. SCE, thus avoiding electroactive interfererpeces.

Gold nanoparticles seem to have had the greatgsacimon enhancing glucose electro-
oxidation currents, as we observe almost a tenifacease in sensitivity relative to porous eledéa®
(see Tables 1 and 3). Traditionally, gold nandplad are synthesised chemically with stabiliseishs
as thiol or chitosan so help retain the particulstreicture. However, the use of electrochemical
approaches [94,95], or seed mediated growth teabsi@llow the fabrication of pure gold particles
without the catalytically hindering effect of theakilising molecules. In 2009 Ma et al [86]
electrochemically fabricated a gold nanoparticlel (#p) modified indium tin oxide (ITO) electrode,
forming a gold nanoparticle array ranging from 8060 nm in diameter. The Au np ITO electrodes
were applied to nonenzymatic glucose sensing, dsrged a high sensitivity of 1834 mM™,
though the linear range did not encompass the plogscal level of glucose. A high response to
glucose was also observed from a sol-gel fabricatedip modified silicon network electrode [87] in
which a sensitivity of 0.179 nA chnM™ was achieved. In the latter work, the sensitivitylucose
catalysis on gold with respect to particle size andface orientation was again demonstrated, as the
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greater variety of crystal planes in the enlargeld ganoparticles encouraged earlier onset of geco
oxidation, and improved catalytic activity at a lwpotential [87]. These results mirror the metialst
surface states theory by Burke [51,79], indicatingt a higher degree of surface active sites ssch a
grain boundaries and crystal defects, result ineduwdier onset of surface oxidation, thus mediating
electrocatalysis at a significantly lower potential

A further improvement to the catalytic effect ofldjevas found by the addition of ad-atoms to
the gold surface. Metals including Ag [96], Hg,,&l and platinum group metals Ru, Pd, Ir and Pt
[97] have all been deposited on gold surfaces, witver and mercury only displaying catalytic
improvement. Silver underpotential deposition (JPrming a 1/3 monolayer across the gold
surface was found to greatly improve catalysisftisigi the oxidative response of single crystal gold
ca. 0.2 V to more cathodic potentials [96,97]. IBagoronounced negative shift can have significant
benefits with regards to avoiding interference efgeas has been observed on bimetallic platinum
electrodes [76--78].

3.4. Nickel electrodes

3.4.1. Mechanism of glucose oxidation on nickettedeles

Nickel electrodes have been extensively exploredasalysts of organic compound oxidation
in an alkaline medium. Fleishmann at al [98] psiid a thorough investigation into the behaviour of
a nickel anode on the electrooxidation of numerotganic materials, including glucose. It was
established, in agreement with a number of othaksvf@9--101], that the catalytic component is a
Ni(lll) oxyhydroxide species, the oxidized partrterthe Ni(OHYNIOOH redox couple. This is a
surface bound change of the nickel oxidation statd, may be simply represented by the equation:

Ni(OH), » NIOOH + H + ¢ (5)

Immersion of a nickel electrode, or electrodepdsit¢i(OH), electrode, into an alkaline
electrolyte leads to the formation of two crystgtiphic species, the hydrated Ni(OH), and
anhydrous -Ni(OH), [98,102,103]. The species is the more stable of the two with a &inecof
nickel octahedrally coordinated to eight oxygemasgo The hydrated structure however is much less
crystalline, and has water molecules intercalatetiveen the layers of NiCthat form the Ni(OH)
crystal structure.. On electrooxidation of thekeichydroxides, two corresponding oxyhydroxide
species are formed;NiOOH andb- NiIOOH. The formeg structure is relatively unstable, and when
oxidised to the oxyhydroxide in an alkaline mediuomic species intercalate the layers along with
water. It can be considered to have the generaiuta of AHy(H20),NiO, (x,y < 1), in which A
represents an alkali ion [99,103]. On depositibthe Ni(OH), the and species are present in non
stoichiometric amounts. Potential cycling of thekel in strong alkali leads to ageing of the miatler
however, characterised by a potential shift to n@oredic values [103--105] and an enrichment of the
Ni(OH). layer.
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As with platinum and gold previously, the rate det@ing step of glucose oxidation at nickel
oxy hydroxide is the abstraction of the hydrogemmatat the € atom. This is supported by the rate
constant order for amine oxidation at nickel anp@esvhich the rate constant decreased in the order
of primary>secondary>tertiary [98]. A rate detering step that involved electron transfer would
give rise to the reverse order, as an electromiemasily lost from a tertiary amine. Oxidatidrad
small organic molecules at the nickel electrodeuce@mmediately after the formation of the Ni(lll)
species and forms a radical intermediate [98], Wwimicturn reacts with active hydroxyl radicals et
NiOOH surface, as per Scheme 5.

a
) Ni(OH), —— > NOOH + H' + ¢
0 OH 0 OH
b) NOOH + \C/ —®  Nj(OH), + \C/
/ N SLOW / !
R R
o) o)
OH
C
) \01/ + oM — > \01:o ¥ HO + 2
R/ : FAST .

Scheme 5A suggested mechanism for the oxidation of glu@iseNi(OH) electrode in alkali.
a) Ni(OH), is oxidised to catalytically active NiOOH
b) Glucose undergoes hydrogen abstraction at tHacguto form a radical intermediate and
reforming the Ni(OH) species
c) Hydroxyl anions in the solution rapidly completee oxidation of the organic radical
intermediate to form gluconolactone

The reaction product of electrooxidation with th&gIly catalyst is still believed to form a
gluconolactone and subsequently gluconic acid (8eh8). The adsorption of the intermediate is
unconfirmed however, as bulk oxidation of glucoserss to occur rather than surface constrained
oxidation, as shown by the linear proportionality pak current to square root of scan rate [3].
Furthermore, repeated CVs of glucose on nickeltmldes show no fouling due to adsorbed
intermediates or other species[105--107].

It has been proposed that electrooxidation of dogarolecules at NiOOH involves the reaction
of ‘trapped’ hydroxyl radicals in the nickel suréag98]. These are due to the mixed valent and
hydrated higher oxide products of equation 5 wtachd described above to contain alkali ions and
water molecules [99,103]. The consumption of thtalytic NIOOH species is evident from cyclic
voltammetry of glucose additions as shown in Figbirfgrom [106]]. The Ni(OH) modified boron
doped diamond electrode shows two distinct red@kgeorresponding to equation 5 in the 1 M KOH
medium. However, on 1 mM glucose additions thedampeak is observed to significantly increase,
yet the cathodic peak decreases. This is dueetedtalytic regeneration of the Ni(OHHpecies by
oxidising the glucose, and as such a relatively llem&urrent is generated by electrochemical
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reduction. Furthermore, the continued catalytiddation of the glucose is observed in the negative
scan also, until the surface reduction potentiaéehed and the surface becomes electrocatalytical
inactive again. This has been observed in almbsases of Ni(OH,) electrocatalysis.

Figure 5. Overlay of CVs following 1 mM additions of glucose a 1M KOH solution at a Ni
microparticle modified boron-doped diamond elecé&rodn-set: a) amperometric plot of 1 mM
glucose additions under constant stirring in 1 MHK@eld at 0.48 V and b) the corresponding
calibration plot of current vs. glucose concentmati Used with permission from reference
[106].

The apparent bulk oxidation of glucose at nicketified electrodes is possibly due to the bulk
presence of the catalytic surface species. Urdikgold and platinum, the surface is not gradually
oxidised with a hydrous premonolayer which evermyugirms the oxide monolayer, but instead is
immediately oxidised to an oxyhydroxide state apecific potential.

The loss of electrons at the surface to producdifil) species seems to instantly activate the
nickel electrode indicative of strong oxidant, wihitable empty d-orbitals to rapidly adsorb the
organic analyte.

The very high oxidation current produced does ssgtet perhaps a more than two electron
oxidation of glucose is occurring, yet the shifttie peak with each addition is more indicativeaof
rapid and prolonged oxidation cycle, and possibdyaalual change in local pH of the electrode serfac
during the anodic sweep.
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3.4.2. Disadvantages of nickel electrodes

Nickel electrodes seem to be the most sensitiieeion-enzymatic electrode materials (see
Table 1) with sensitivity reported as high as mA hbm?in a number of publications [3,106,108].
However they have a number of drawbacks that ctiyrgmevent their application to biosensing.
Most significant is their inability to function ithe physiological condition of approximately pH 7.
NiOOH catalysis is highly dependent on the con@att presence of Oldnions, as demonstrated by
the positive shift of the redox couple and sigmifit decrease in peak currents as pH is decreased
[105]. Nickel electrodes have not been reporteithisicapacity in either pH neutral or acid comis,
and as such their use in glucose sensing is veitell. This is not the case for fuel cells andfted
industry however, in which the electrolyte mediwrof no consequence to the result, and the higher
the catalytic current the better.

Although nickel has proved to be unaffected by cd®ions [107], does not undergo electrode
fouling if on a suitable electrode substrate [108]1 and has also shown a promising long term
stability, selectivity remains a huge problem. Heishmann’s [98] investigation of nickel electrade
he found that all the small organic molecules =ed at the same potential, immediately after the
formation of NIOOH. Although most of the analytglored in that research would not be present in
blood (see Table 4), one major oxidisable compoo#ah present is ethanol.

Table 4.Possible electroactive and fouling interferenceslaod and their relative concentrations

Compound Blood conc.(mM) # | Compound Blood conc.(mM)
Natural interferents External influences
Uric acid 0.18-0.42 Acetaminophen 0-0.2
Ascorbic acid 0.023 - 0.085 Salicylate 0-22
Bilirubin up to 0.02 Alcohol (ethanol) 0-65
L-Cystine 0.003 - 0.015 L-Dopa varies
Chloride 98-106 Tolazamide varies
Protein 6 - 8.4 gm/dL

Values obtained from Merck manual of medical infation [179] a — unless state otherwise

Nickel electrodes oxidise ethanol comparably tacgie as demonstrated in a number of papers
[98,104,105,109--111], thus the presence of evendiohol levels in the blood could affect blood
glucose determination. Furthermore, the oxidatpotential would be indiscriminate against
electroactive interferences such as AA, UA and Akha fixed potential of amperometric detection,
and thus the electrochemical determination woulccompromised. This does not also consider a
number of other sugars that could potentially besent in the blood depending on the patient’s
medication.
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3.4.3. Recent advances in nickel electrodes

Although not dependent on adsorption to the eleetisurface, the surface coverage of NIOOH
is essential for efficient and rapid glucose oxwmigtand as such a high surface area is preferafde.
has been the case for platinum and gold above,ntheduction of nanomaterials has shown a
significant increase in reported sensitivity andise&nce to interference species. Nickel elecsode
report the highest current densities for glucoselaiion as shown in Tables 1-3. Hydrothermally
fabricated nickel nanoflakes on a titanium suppoet reported to have a current density of 7.32 mA
mM™ cri?, the highest value reported [3]. In the sameoregif sensitivity, we see 5.07 mA mmi
2 at a nickel film modified nanoporous gold eleceold08], apparently giving a signal 340 times
greater than an equivalent nickel film modifiedigloéd gold electrode. The simple electrodeposition
of nickel/nickel hydroxide onto a boron doped diamosubstrate also proved an effective
electrocatalytic electrode [106], observing a haghmsitivity of 1.04 mA mNt cm®, and offering a
very simple and reproducible fabrication method.

lonic liquid pastes have recently incorporated eictanomaterials to combine the high rates of
electron transfer of the carbon ionic liquid eledi& (CILE) with the electrocatalytic effect of natk
hydroxide [112]. The composite electrode offerattamrdinary stability, and was easily renewed by
light polishing on smooth paper. Different voltaetmc behaviour was observed however, in which
both the anodic and cathodic peak currents incceasth glucose addition, instead of the expected
decrease of the cathodic peak. This was also wxseat a metallic nickel electrode by Zhao et al
[113], and ascribed to the Ni(ll)/(111) redox coepderving a double function of electronic mediurd an
catalyst, simultaneously, though what this quiteinseis unclear. It was not a behaviour observed on
another ionic liquid paste electrode described hgng et al [60] either, which utilised a multiwall
carbon nanotubes (MWCNTS) ionic liquid paste etadér (IL-PE) modified by a nickel (ll) quercetin
complex.

3.5. Copper electrodes

3.5.1. Mechanism of glucose oxidation on copper

Copper electrodes are often considered in the saayeas nickel electrodes with respect to
organic molecule electrooxidation. They too ca@lgxidation by reducing the M(IIl) centre to M(Il)
(where M = Ni or Cu), however a distinct redox cleufor the Cu(ll)/(lll) surface process is not
clearly evident as it is for most nickel electrod&eischmann et al [114] claimed that the copjggt
transition occurs at potentials of 0.65 V vs. S@B.1 M KOH, too close to bulk oxygen evolution to
be studied in detail, but there was clear indicatid the presence of Cu(lll) in the apparent charge
under the peaks. The other redox peaks for cogugeclearly defined however, with the oxidation to
Cu(l) and Cu(ll) states, and the corresponding c&da evident in voltammetric studies [115--120].

Kano et al [115,116] investigated the catalytic hseism for glucose oxidation, and found that
a bare copper electrode in 0.15M NaOH was inseestb carbohydrates. However, a copper (Il)
oxide electrode responded to the glucose preseitbean irreversible oxidation peak. This peak
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observed a steady-state type of behaviour at stes of 0.1 VS or slower, yet at higher scan rates a
definitive peak emerged, suggesting a decreasetlilmation by a chemical process [115]. The same
investigation observed the response of a Cu(l)e»dadd Cu(OH) and found both to be inactive
towards glucose oxidation, thus concluding CuQeisaessary to observe catalysis. CuO suspended in
a solution of NaOH did not catalyse electrooxidatmwever, thus suggesting the catalytic component
is likely to be a higher oxide such as CuOOH, asbiserved for nickel.

Based on comparative RDE experiments of glucosbjtsband xylose, Kano et al proposed a
12 electron oxidation of glucose in which the capmede facilitates six, two-electron step oxidaso
to produce formic acid [116]. The complete oxidatof glucose at the copper electrode, and similarl
at the nickel electrode, would certainly explaire thignificantly greater electrooxidation currents
observed relative to platinum and gold. Xie €tlal7] proposed a mechanism akin to those previously
suggested, in which active hydroxyl radicals anel ¢arbohydrate adsorb onto the electrode surface
simultaneously, and at adjacent active sites. iBhisllowed by the rate determining concerted step
which the adjacent Olg abstracts the-hydrogen atom, and the organic radical is furtihadised by
OH species to the acid product. Despite this rebedine electrooxidation mechanism for glucose on
copper remains controversial.

In an experiment by Watanabe et al [121] compa@ougBDD and copper electrodes, peak
shaped voltammograms were only observed in respone presence of glucose. Furthermore, the
cathodic current of the CV for the Cu-BDD electranerlayed the anodic current, yet this was not so
on the bulk copper electrode. This was believee tdua difference in diffusion domains in which the
implanted copper centres of the Cu-BDD electrodposed a microarray diffusion pattern, whereas
the copper electrode had planar diffusion. As dhehcopper electrode showed a linear relationship
with the square root of scan rate, confirming diftuwal control of the response, but the Cu-BDD
electrode did not.

3.6. Alloys and bimetallic systems

Non-enzymatic electrocatalytic electrodes employimgetallic systems have been emerging in
the form of alloys [120,122--124] or metal adato[86,97,125,126], to offer electrodes of highly
desirable electronic and catalytic properties. ikéas et al [48] commented on the improved
electrooxidation of organic compounds at alloyedtipbm electrodes, stating they observed the
highest catalytic activity toward small organic emlles. Metal adatoms on electrode substrates, and
alloy/bimetallic systems have therefore been tloe$oof much electrocatalytic research.

The attraction of bimetallic systems stems from #micipation of a synergistic electronic
response, in which the catalytic benefits of eaommonent combine to form a ‘super’ catalyst
[120,122]. Pletcher [44] observed that partialerage of electrodes, such as platinum and gold, by
other metal atoms could greatly enhance catalysisimprove long term activity of the system. An
example of the selective poisoning effect of le@dtams of a platinum surface demonstrates the
catalytic enhancement of adatoms, in which the aioth of formic acid is improved, and long term
activity sustained [125,126]. This was proposebdalue to the partial coverage on the electrodie su
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that the lead atoms interact with two platinumssithus forming a surface of pairs of platinum aom
This is due to the imposed limited active sitesoasrthe electrode surface, such that unwanted,
poisoning side reactions can not also take pladg [4

A variety of Pt-based bimetallic materials (Au, B, Pb and TI) have been fabricated with the
goal of improving the sensitivity and selectivity the electrodes towards the electro—oxidation of
glucose [77,126--128]. The success of bimetalfgtesns such as PtPb [77,78] and Ptir [76] porous
electrode in recent years have already been dsdwesarlier, again having the advantage of reducing
the overvoltage for glucose oxidation to negativeeptials. Aoun et al [129,130] explored the
benefits of Ag adatoms on single-crystal gold, abderved a marked decrease in oxidation potential
that may improve the selectivity and resistancetierferences species across the electrode.

3.7. Carbon based electrodes

Numerous new carbon based electrodes or carbord basdifications to electrodes have
emerged over the past decade for use in electigsigtaincluding glucose oxidation. Carbon
electrodes have been explored as potential elexdrdor direct glucose oxidation for a long time
however, with the fabrication of carbon based, escrprinted enzymatic electrodes revolutionising
finger-stick electrodes in the early 1990s, allayvifor mass production and lower cost sensor
fabrication [33,34]. Generally carbon substrates @sed due to their electronically conductive, yet
electrocatalytically inert properties. Glassy aartelectrodes were investigated by Vasil'ev et48] [
in 1985, and found to produce a slight anodic eurie response to glucose. This was completely
inhibited by the introduction of physiological ldseof chloride ions however, thus rendering the
electrode nonviable in terms of sensing.

Over the past decade the emergence of carbon-lasestructured materials such as carbon
nanotubes (CNTs), doped diamond-like materials, randt recently graphene electrode materials has
opened new doors to improving electrochemical gdecgensing. These materials have great promise
in biosensing applications due to their ease ofifitation and functionalisation, good conductivity,
biocompatibility and in some cases, very high stefarea. This is particularly so of carbon nanesub
(CNTSs), finding application in both enzymatic anohrenzymatic sensors [131--133]. These carbon
based electrodes are frequently used as inertratdsstbut recent publications also claim that duey
directly electrocatalytically active. The followgnsubsections explore boron doped diamond
electrodes (BDD), single and multiwall carbon nambets (SWCNT and MWCNT) electrodes and
other novel electrode materials, such as graplaEneon-enzymatic electrocatalytic glucose sensors.

3.7.1. Boron doped diamond (BDD)

BDD electrodes have found increasing applicatiorelectroanalysis over the past 25 years
[134--142], including in the oxidation of organicaterials. As a substrate electrode for modifiaatio
BDD electrodes have been found to be particulatal, owing to a very low capacitative current
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relative to metal and other carbon electrodesghlyiinert surface and therefore resistance toirigul
and with respect to glucose, a pronounced lackest®chemical activity [106,143].

A high resistance to electrode fouling is key te #pplication of BDD towards waste water
treatment, as the electrode is durable and resistiva number of common fouling ionic species such
as chloride. It and also has a very large potemtiadow, both cathodically and anodically, due to
high oxygen and hydrogen over potentials. Metatiification, by chemical modification [143], metal
ion implantation [121,144,145] or electrochemicaldification [105,106,146--149], has allowed BDD
electrodes to respond to numerous organic anadytestively and sensitively whilst maintaining low
poisoning effects, resilience to harsh experimestaditions and very low background currents.

Despite BDD electrodes being mostly noted far ak laof response to glucose
[106,121,144,145,150] the direct oxidation of glseat an unmodified BDD electrode has also been
reported [151--153]. The first report was in 2d®b Lee and Park [152] in which a commercially
bought polycrystalline BDD electrode was hydrog&ame annealed prior to experimentation, and
used without further modification to oxidise glueds an alkaline solution. The CV gave an oxidatio
peak at 650 mV vs. Ag/AgCl for both the forward aeglerse scan, in a manner akin to the oxidation
of polyamines [154]. In the latter work regardipglyamines it was postulated that the reaction
mechanism involved a reaction between adsorbedokytradicals and adsorbed polyamines,
occurring at surface adsorption sites across th® BRctrode. The adsorbed hydroxyl and organic
species undergo an anodic oxygen transfer, andrti@nic compound is oxidised to an intermediate.
This is shown in equation 6 in which the electradisorption sites are represented by M( ), M’
represents a possibly different adsorption sitd, Rmepresents the organic analyte.

M(OH) + MR —> M() + M(RO) + H + & (6)

The organic intermediate was speculated to rendsoraed on the BDD electrode surface, due
to the decrease in the reverse sweep oxidation,tledyradual decrease in peak current over 40
consecutive scans. However, the electrode fouin a very small extent relative to other metal
electrodes such as platinum and gold, and the muresponse is readily renewed by simply rinsirgg th
electrode in water.

In Zhao's work [151] the as-prepared microcrystaliand nanocrystalline BDD electrodes
reportedly exhibit a high sensitivity and stabiligood reproducibility and selectivity over a glseo
range of 0.25 to 10 mM in sodium hydroxide soluti®he response is surface bound, showing a non-
linear response to the square root of scan rats.observed to have a rapid increase in pealentat
slower scan rates, but at sweep rates over 50nts peak current is limited and plateaus. This is
suggested to be due to slow desorption kinetiadh®fproducts at the electrode surface, in which the
electrooxidation products do not desorb fast endaglelinquish active sites, thus desorption become
the peak current limiting factor [151,154]. At 8ciknt scan rates however, the rate of desorggon
exceeded and a maximum peak current is observed.

The BDD electrode response was found to vary from eectrode to the next, indicating an
intrinsic difference in the BDD morphology that gawa varied response to the same glucose
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concentration. Zhao et al [151] suggest the eldetractive sites are in fact the boron atoms
heterogeneously dispersed throughout the thin filiiley propose adsorption to these electroactive
sites, and the subsequent oxidation on the elestbydadsorbed hydroxyl radicals at other surface
sites, a theory that indeed supports the variettrelactivity across the different batches of eled#s,
and has also been suggested by Koppang et al @gtrd to the BDD oxidation of polyamines [154].

The effect of electroactive species interferengescies UA and AA, were explored by Lee
[152] and Zhao [151] on their respective bare BDeér&odes. At AA and UA concentrations as high
as 0.5 mM, the oxidation peaks were found to bendpsishable from the glucose peak, and pose no
real interference to glucose determination. Tleetebdes were also utilised in the analysis of agec
in a real blood sample in alkaline solution [15&}d a comparable results was obtained.

In both cases, the linear range of the electrode linated to values up to 10 mM however, a
major limitation in the practical use of bare BDI2arodes. The key aspect of the BDD electrode
reported in Lee and Park’s research is the useydrolgen flame treatment to maintain the hydrogen
termination of the diamond surface. At highly akeqabtentials carboxyl functionalities are known to
form and decrease the conductivity of the BDD etst® [156]. Consequently the glucose signal is
lost at the oxidised BDD surface.

It does remain that BDD electrodes have otherwis®va inactivity towards glucose without
first undergoing metal-modification [106,121,143t5]150]. This is possibly due to the surface
termination of the electrode, as implied by thecihdty of the oxidised BDD electrode towards
glucose [152]. The as-prepared microcrystallineDB&)ectrode described by Zhao [151] also lacked a
response to glucose following acid treatment, et nanocrystalline BDD electrode maintained a
good response despite 30 minutes of treatmenttindua regia.

Thus there is also a strong indication that théaser structure with regard to diamond size,
grain boundaries and distribution of boron atonas & large effect on the electrochemical activity o
the doped diamond electrode. This theory is greatpported by the recent work of Luo et al [158] i
which a boron-doped diamond nanoforest (BDDNF) wabricated and applied to glucose
determination. Relative to a planar BDD electrdtie, BDDNF gave a well defined current response
to the glucose, a vast improvement that suggestsoag dependency on the surface structure of the
electrode. All the unmodified BDD electrodes usedlirect glucose oxidation discussed here have
shown selective determination of the analyte inghesence of ascorbic acid and uric acid. This is
part due to a significant difference in peak pagnin which in all three publications [151--158ile
interferences respond at approximately 100 to 380w SCE, where as the glucose has a peak
current at approximately 600 mV vs. SCE.

However, in each case the linear range of eactiretex does not exceed 10 mM, which is a
major issue with regard to developing a viable dgatal glucose sensor. The sensitivity of the
electrodes is also lower than at metal modifiedteteles, including metal modified BDD electrodes
[106], observing values of 101.9%A mM™ cri? on the BDND [151] and merely 8.1A mM™ cm? on
the BDDNF electrode [153].

These are very recent publications however, ardtiierefore evident that nanocrystalline and
nanostructured boron doped diamond materials holdt af promise as viable, reusable glucose
sensors for diabetes.
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3.7.2. Carbon nanotubes

Carbon nanotubes (CNTSs) are also a relatively renvan based electrode material that offers
alternative electroactivity to conventional carlsamfaces. CNTs have found substantial applicatbon
electroanalysis of a wide variety of analytes, nfesquently in the modification of planar electrede
increasing surface roughness, porosity and comfiigtibo biological substances. The cylindrical
graphene sheets of nano dimensions are highly ativduand substantially increase the surface area
of a planar electrode whilst retaining high chermarad physical stability. In Table 1 multiwalledda
single walled carbon nanotubes (MWCNTs and SWCNd® shown to have been used alone
[157,158] but most frequently in conjunction withther catalytically active metals
[54,56,59,60,128,159--163].

As mentioned in section 2.4, carbon nanotubes bhwg/n promise in glucose sensing in the
development of third generation enzymatic glucesessrs [164,165]. When immobilised with GOX,
the carbon material does not require a mediatoxggen to facilitate glucose oxidation, and as ssch
believed to allow for direct electron transfer beén the enzyme and electrode [164]. Furthermore,
the CNT modified electrodes have shown greater tengn stability than is observed on a modified
glassy carbon electrode [165], due to the strorfiei@hce of the enzyme to the carboxylated open
ends of the nanotubes [164].

Non-enzymatic and unmodified carbon nanotubes Hmen also been successfully used in
glucose detection, as reported by Ye et al [13Vivell-aligned MWCNTSs electrode was fabricated on
a tantalum substrate grown on a thin layer of dadmhlyst. In alkaline conditions, and clear thia
response to the presence of glucose was obsen@d2V vs. Ag/AgCl, and a diffusion-controlled
process was indicated by the linearity of the sejwaot of scan rate vs. peak current plot [157he T
cobalt present in the fabrication process was faoncbntribute approx. 14% of the glucose response
however, but the bulk of the response was congidierbe due to the CNTs. Although the CNTs gave
a good, linear response to glucose to levels omM, even in high concentrations of chloride, the
chronoamperometric response to interference spegsaind UA, was considerable, accounting for
25 % of the current response relative to glucodes is possibly due to the lower overpotentiaDcf
V vs. Ag/AgCl used with the CNTs compared to the@é V potential applied to the BDD electrodes,
in which the interfering species oxidized at lowetentials to glucose. Wang et al [158] fabricated
free standing SWCNT films in a more recent investan, in which carbon nanotubes were spread of
a glass substrate and bound to the surface usifigniNan this instance the CV showed an increase i
current from approximately 0.5 V vs. Ag/AgCI, thdugo discernable peak was produced. The linear
range was also limited, deviating at the very l@meentration of 2.16 mM.

The nanotubes subsection of Table 1 includes nuse@iNTs-based electrodes that have been
modified with various catalytic metals, most of wlinihave been discussed previously. Sensitivity at
best is reportedly 280A mM™ cn? for a platinum nanocube doped CNTs electrode [86§ linear
ranges rarely exceed 15 mM. Platinum and platignoup bimetallic nanoparticles have been
successfully distributed on CNTs in a number ofljgabions, and have offered a catalytic response
without the issues of electrode fouling [54--57 ,158)].
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A number of metal oxides have been used in conjmatith carbon nanotubes to produce
electrocatalytic glucose sensors [55,58,160,168§-181n0, was coupled with carbon nanotubes in
2008 by Chen et al [160] in a novel nonenzymatircgse sensor, which showed a wide linear range to
28 mM and a reasonable sensitivity of 33.29mM™ cm?. The alternative metal oxide displayed a
high tolerance to electrode fouling too, exhibiting interference from chloride ions or common
electroactive interference species. Most notabéyNINnQ caused a substantial negative shift of the
anodic peak potential to +0.1 and +0.4 V vs. Ag/Ag& shift of over 200 mV relative to the
unmodified MWCNTs. Two oxidation peaks were obsérvin the anodic sweep of the
MnO./MWCNTSs electrode before glucose addition, the fassigned to the Mn(ll) to MnQxidation,
and the second to the Ma@ MnQ;* process. Both peaks significantly increased aditiath of
glucose, and as such it was suggested that the Moth) and Mn(lV) were involved in the
electrocatalytic process [160]. Gu&nd SnQ@ were deposited on double wall carbon nanotubes,
though the latter gave a relatively poor resporseaglucose and ¥D,, and the CuSwas only
marginally better. The latter experiment did sglgremphasize the catalytic nature of copper toward
glucose oxidation however, as the Snas speculated to be most active due to the presgnmore
active sites, yet this was evidently not the case.

Overall, carbon nanotubes have been shown to afignod base for simple modification, to
allow for deposition of less material, yet stillfaf high catalytic response and electron transfer.
Furthermore, unmodified CNTs are directly respoasio glucose, and unaffected by interfering
species and chloride, as well as resistant to sairflauling. However, a major limitation lies ineth
linear range of both modified and unmodified CNds the latter do not exceed 10 mM and the former
rarely surpass a 15 mM maximum.

3.7.3. Graphene and carbon nanofibres

A graphene nanosheet (GNS) is the basic structoraponent of graphite, carbon nanotubes,
fullerenes and carbon nanofibres. It is a plamaiader, a single atom thick, of Shybridised carbon,
and was first fabricated and discussed in 2004 byoNelov et al [170]. It was long believed that
graphene could not exist in its free-state, duthéomodynamic instability, instead preferring tonfo
more stable, curved structures. However, on sstdefabrication by exfoliating small flat elevated
areas of highly oriented pyrolytic graphite (HOP@®&)e unique electrochemical properties of the
material were discovered [170]. GNS is unique @&rtétically it is a zero bandgap semiconductor
[170] therefore has very high conductivity akintbat of metal, a property unknown to films of such
thickness. The new carbon structure is therefamesidered to possibly offer a new wave of
electrocatalytic abilities, particularly in combiimn with metallic nanoparticles [171]. That said,
work by Pumera [172] rightly suggests this excitateight be tempered with caution. Recent
advancements in the preparation of graphene héoxeesl experimental studies of graphene to rapidly
progress, and as such the last two years haveassenge in graphene based catalysts. With regard t
glucose oxidation, experiments thus far have fodusa enzymatic systems, in which GOXx is
immobilised on the surface [173--177], along widmaparticles of platinum and gold. As yet there
have not been any non-enzymatic studies regardagghgne based electrodes however. That said, the
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attempted step from enzymatic to non-enzymatic @gagres can be anticipated. It has been speculated
that si§ carbon plays an important role in the electroclainietection of organic compounds, due to
the low potential at which the hydroxyl radical maze/formed at the surface sites [154]. As suctethe

is further indication that non-enzymatic glucosesseg might be possible at graphene thin layers.

In a variation on graphene, carbon nanofibres (§N#s finding increasing application to
biosensors, including enzymatic glucose sensoratbd nanofibres are composed of well-arranged
graphite layers that are organised into cylindristlictures to give highly conductive nanowires.
Unlike carbon nanotubes, the fibres are not hollamg expose the edges of the graphene plane rather
than the basal plane surface, thus they have alasgg active surface area and a very conductive
[178]. In the past 4 years, carbon nanofibres lmeen modified with enzymes to produce successful
glucose biosensors with superior performance toifleddcarbon nanotubes. Non-enzymatic CNF
electrodes have also been developed recently howdvathod et al [159] modified the CNFs with a
fine distribution of platinum nanoparticles, andagsed glucose under physiological conditions (pH
7), though the platinum modified MWCNTSs proved ® & better sensor. This surprising result was
attributed to a relatively lower level of platinudoping and accessibility of particles for glucose
oxidation due to the larger size of the CNFs ussdwell as the effect of coating the surface with a
insulating Nafion layer [159]. Liu et al [107] d=dweped a renewable nickel nanoparticle loaded carbo
nanofiber paste electrode, in which a wide linemnge of 2M to 2.5 mM was observed, and a
sensitivity of 420.4 A mM™ cm?.

4. ELECTROACTIVE INTERFERENCES AND ELECTRODE FOULIN G

Two major problems of the amperometric glucoseisgris the presence of other electroactive
interferences in the blood and electrode foulifitne moderately high anodic potential used to ogidis
glucose also oxidises these interferences, thusgyan amperometric current that overestimates the
blood glucose value. This also applies to non-era&ic glucose sensors, in which selectivity is even
less, and electrooxidation reactions are enhanddw overestimation of blood glucose levels might
have life threatening consequences, as hypoglyeaeran be masked or even be induced by
inappropriate administration of insulin, thus leaylito a hypoglycaemic coma or even death. A
number of compounds found in human blood can ieterfvith the glucose determination. These are
listed in Tables 4 and 5 and discussed in thewiotlg sections.

Table 5. Saccharides other than glucose that have knowmpasglble interfering electrochemical
responses to electrochemical glucose sensors

Sugars ‘ Source

Know interferences Possible interferences
Maltose food, immune globulins, perineal dialysis Mannose

Galactose | food Lactose

Xylose malabsorption testing Ribose

Icodextrin perineal dialysis Arabinose




Int. J. Electrochem. Sci., Vol. 5, 2010 1281

4.1. Naturally occurring interferences

Ascorbic acid (AA) and uric acid (UA) (Figures 6adab) are two electroactive species
naturally occurring in blood that cause the mosttebchemical interference during glucose sensing.

Figure 6. The chemical structures of various known electigadnterferences species. a) Ascorbic
acid, b) uric acid, c) L-cysteine, d) dopamineaegtaminophen, f)acetylsalicylic acid and g)
Tolazamide



Int. J. Electrochem. Sci., Vol. 5, 2010 1282

Like glucose they are strong reducing agents, tberaeadily oxidise at moderate electrode
potentials. AA is commonly known as vitamin C, aaithough concentrations in blood vary on
dietary intake, normal blood concentrations aredda2 and 0.08 mM [179]. UA is present as thelfina
metabolite of purine, and is present in the blos@im antioxidant at concentrations of ca. 0.18.4@ 0
mM. Ever present, most recent papers of the pasade focus on these two main electroactive
interference compounds when testing the practippli@ation of the sensor, be it enzymatic or non-
enzymatic.

Cysteine (Figure 6¢) has been named as an eletw®aaterference with regard to glucose
sensing by a number of researchers [180--184],apdesent in the blood at very low concentrations
of 3to 15 M. Dopamine (Figure 6d) is also present at lovelewnaturally, and is known to oxidise at
similar potentials to glucose [113,185,186] thusfconsidered a natural interference.

As can be seen in Table 4, the concentrationseofriterferences are found in sub millimolar
concentrations, which is considerably lower (c&d #fes) than the blood glucose concentration of 3-
8 mM (optimally). This can arise if the intedexces react in a diffusion controlled manner wizere
the glucose is subject to kinetic limitations a potential of interest.

4.2. Pharmacological interferences

A number of drugs, ranging from commonly used tghty specific, have been shown to
interfere with blood glucose determination. Thesindamaging of these is acetaminophen (AP)
(Figure 6e), a constituent of paracetamol and thezecommonly used and of a variable concentration
in the blood, with therapeutic levels of up to G&8V. Similarly, salicylic acid (Figure 6f), a
component of aspirin, may also be present in tl@odlat an interfering level, though actual
interference by salicylates has not been generafiprted at enzymatic glucose sensors. Another
common interference species is dopamine, natucaburring in low concentrations, yet found in
certain food stuffs and administered as a drugenform of its precursor L-DOPA.

Finally one other recognised interfering chemitedt thas had variable effects on GOx based
sensors is ironically Tolazamide (Figure 6g), bahamide based drug used to lower blood glucose
levels in Type 2 diabetics. These are all chemiéam drugs known to interfere with enzymatic
blood glucose sensors, yet potential interferencenany drugs that is yet unknown must always be
considered, especially as new chemicals and congsouare always being produced in the
pharmaceutical industry. The impact of these chalmion non-enzymatic glucose sensors is much
less researched, as non-enzymatic blood glucosétaring systems have yet to be introduced. As
such, the impact of so many drugs needs to be rdeted, especially as electrooxidation at non-
enzymatic systems is most frequently not sele@ne produces a greater oxidative current response.

4 3. Proteins and chloride anions

Interferences also include proteins, of which tremecan be up to 8.4 g/dL in the blood, which
readily adsorb and cause inhibitory electrode fayliparticularly on platinum and gold electrodes
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[38,48]. High concentrations of triglycerides metblood can have a similar effect, competing with
glucose in the sample volume, thus lowering theabe oxidation signal. Chloride anions greatly
interfere with platinum electrooxidation signals, the chloride strongly chemisorbs irreversiblyoont
the platinum surface, and thus inhibits cataly8i8,48]. Chloride concentration is relatively high
the blood, with a concentration of approximatel¥ 1M, and thus its poisoning influence can not be
deemed negligible.

Phosphate buffers, in which much of the pH newkplerimentation is performed, are believed
to have a somewhat interfering effect themselvegplatinum electrodes [48,67]. Although not an
interference present in blood samples, the effephosphate anions is not to be disregarded, ay man
preliminary experiments are performed in the buselution to give an idea of the electrode response
in a real sample.

4.4. Non-glucose sugars

Although glucose is the main carbohydrate foundblmod, a number of other mono and
polysaccharides, listed in Table 5, may be pretaait can severely interfere with glucose analysis
[187]. The presence of non-glucose sugars in khedbhas proved problematic for enzymatic sensors
in spite of their higher selectivity towards gluea®lative to non-enzymatic systems [187]. In 2803
medical device alert was issued for glucose mangosystems that used glucose dehydrogenase
(GDH)-pyrroloquinolinequinon¢éPQQ) enzymatic test strips. The interference ugere identified
to be icodextrin and maltose, the former a polywfeglucose consisting of 10 to 250 glucose units,
and the latter, a metabolite of icodextrin consgf two glucose units. Icodextrin is used inexer
increasing demand for peritoneal dialysis in tleatment of chronic kidney disease. On the death of
number of patients investigation into the effedts@n-glucose sugars on blood glucose determination
found monosaccharides galactose and xylose, tdentewith blood glucose monitoring systems that
were based on glucose dye oxidoreductase and GDPI-¢tymatic test strips. GOx based test strips
have also shown interference by galactose and sea[tt87] resulting in an overestimation of blood
glucose levels, though they are generally consttiéce not be susceptible to non-glucose sugar
interference. Only systems based on GDH-nicotidanaidenine dinucleotide (GDH-NAD), or GDH-
flavin adenine dinucleotide (GDH-FAD) are free loése interferences.

45. Alcohol

One major concern for the application of non-enzyenglucose sensors is the potential
interference of alcohol. A similar catalytic resge by many metallic, non-enzymatic electrodes to
alcohol is a major issue, as many of the electrguesented as possible glucose sensors have also
been applied to alcohol sensing in similar arrang@m[104,188--192]. Direct alcohol fuel cellsttha
frequently employ ethanol, are based around singlactrode systems to non-enzymatic glucose
electrodes. In fact, a number of potential glucseesors are suggested in glucose fuel cells,adtret
high oxidative current produced at certain catalgtietals.
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4.6. Methods to overcome interference effects

In industry and laboratory based testing, FIA anL8 systems can be used to separate
different sugars and alcohols prior to oxidatiorhet non-enzymatic electrode, thus avoiding thedss
of interferences, as shown in Figure 7.

Figure 7. The determination of different sugars using HPLEthnds. Amperometric detection was
performed using a nickel hydroxide modified eledeoThe solutions were passed through
chromatographic column. Eluent: NaOH 0.1 M, floweral.0 mL mifi, electrode potential
0.45 V vs.Ag/AgCl. Reproduced with permission frizfa5].

This is not possible for blood glucose sensors lweweas chromatographic systems are not
viable in terms of self testing using in-vitro h&edd glucose meters, and they are certainly
incompatible for in-vivo analysis.

A number of approaches have been taken to over¢heneroblem of interferences. These
include the use of permselective coatings sucha®N[57,70,193,194] or electropolymerised films
[12,184,195], reducing the overpotential for gluzadetection to less anodic values at which the
interferences are not oxidised [76--78,96,97], tise of chromatographic stages prior to analysis
(Table 2), and the specific fabrication of the &lede surface to enhance the kinetics of the slpwer
surface bound reaction.

The option to use a passive membrane that imphemical selectivity and size exclusion to
retard the interfering species is the most welbl@&ghed approach. Permselectivity leads to a
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significant improvement of sensitivity, selectiviipd stability of the electrochemical sensor. olafi

is a sulfonated tetrafluoroethylene copolymer, angarts a negative charge that discriminatively
prevents the transfer of anions and electronsalladvs the transport of cations. Their application
biosensors has been extensive [57,70,193,194hegsdre an effective way of preventing electrode
fouling and imposing some selectivity for glucosgatysis [184]. Undesirable anions such as organic
acids (AA, UA), chloride anions and phosphate asican be suitably repelled by the charge exclusive
Nafion film, which greatly limits their transporb tthe electrode surface. Electropolymerised
permselective coatings, such as polyphenol andoaigised polypyrole, impart size exclusion as well
as charge repulsion, so that macromolecules suphodsins are unable to foul the electrode surface.
Electropolymerization offers several advantagesve, such as the simplicity of the experimental
setup, ease of control and capability to addressnhdification solely on the device sensor [184]196

Reduction of the oxidation overpotential to valweghodic of the interference oxidation is
another option. Generally metal and metal oxigetebdes oxidise glucose at potentials of 0.4 7o O.
V vs. SCE. This is a relatively high potentialdais therefore capable of oxidising a number of
available species. The glucose active overpotentigold electrodes has been successfully reduced
by modification with partial monolayers of adatosugh as silver [77,96]. Oxidation peak potentials
of ca. -0.5 V vs. Ag/AgCI were observed on the ABmonolayer on Au(100) electrode. This was
also observed for a porous PtPb electrode [77]hichvthe overpotential was reduced to -0.08V vs.
Ag/AgCl and successfully avoided interference fraf, UA and AP.

In this latter case, the structure of the electroty also have played a part in improving
electroselectivity towards glucose. As discussethe previous section, the surge in fabrication of
nanomaterials has led to a dramatic increase ibleviaon-enzymatic glucose sensors. The nano
dimensions of a sensor would theoretically aide sheggish kinetics of the electrooxidation of
glucose, by enhancing surface bound reactions aakingn no difference to mass transport limited
electrode processes such as AA oxidation. Thidkas observed in a number of publications of late,
and has demonstrated that a reduction in oxidgaantial is not necessarily needed [68,153,197].

5. THE REQUIREMENTS OF GLUCOSE MONITORING

Blood glucose monitoring (BGM) is one of the mapphcations of glucose sensors. Three
commercial and clinical systems are presently ece| all involving enzymatic approaches. One
accurate approach is known as the hexakinase meihod is a lab based approach and not viable for
portable, self-testing BGM. The other methods,d&ussed in Section 2, involve enzymatic
electrochemical glucose sensors based on eithepgguoxidase or glucose dehydrogenase as their
catalytic component. However a number of factéisca BGM that need addressing and overcoming
as the technology evolves.

At present the main method of monitoring blood gke levels is to self-test a blood sample
taken from a finger prick or similar. This has beke established method for a long time, and alow
the patient to take a sample reading of their bigladose levels at various points through out the d
Having an in-vitro system also allows for more tiflEs with respect to the electrode set-up, in that



Int. J. Electrochem. Sci., Vol. 5, 2010 128¢

biological considerations such as immune respondet@xicity are negligible. Another approach to
blood glucose monitoring is the use of in-vivo glee sensors for continuous glucose sensing. This
approach would give glucose concentrations intiged, and provide a better overall understanding of
blood glucose fluctuations.

5.1. In vitro glucose monitoring: Single point Gierstick’ glucose sensors

At present fingerstick glucose sensors are dispesabreen printed enzyme electrode strips,
and are produced by a variety of companies inctyéibbott Diabetes Care [198], AccuChek [199],
LifeScan [200] and Bayer [201]. The fabrication gaes for these disposable sensors involves mass
production of a complex mixture of enzymes, medm&tand stabilisers which is screen printed in a
thick film onto a suitable substrate. The electraystem is self-contained with a working and
reference electrode, and as such a small bloodlsashpuld cover the entire set up and provide its
own electrolyte. Blood samples range from 0.3.® 1 for modern testing strips, considerably less
than the 3 to 10L samples required merely 10 years ago [202] thd&ating the rapid advancement
and sophistication of fabrication methods and brisee technology.

Table 6. Parameters of commercially available enzymatic @ecsensors

Range Sample Test t Oper . .
Manufacturer Model (mM) Enzyme size (ul) ) Oper. T humid Haematocrit Mediator
Lifescan ~ OnerTouch 4 334 GOx 1 5 6-44°C  10-90% 30- 55%
UltraEasy

. . Fe(CN)6

AccuChek Aviva 1.0-30.0 GDH-PQQ 0.6 5 6-44°C  10-90 % 20 - 70% 3
Abbott Frel_eitséy'e 1.1-27.8 GDH-FAD 0.3 5 4-40C 5%t090%  15-65%  Os 2+/3+
Bayer Ascensia 4 300  GDH-FAD 0.6 5 5-45C 10 - 93% - Fe(CN)6

Contour 3-

Table 6 lists the commercially available single tingerstick strips of four of the companies
involved in their production. The table compard® telectrochemical assay, glucose range,
temperature and humidity dependence, sample sidetesting time. As can be seen, only the
LifeScan Onetouch employs the glucose oxidase eazgnts sensor. GDH based enzyme electrodes
have gradually replaced GOx systems in the pasid#edue to the error imparted by variable oxygen
levels on the latter approach. GDH enzymes areinfitenced by oxygen, yet are less substrate
specific and stable. The substrate specify iset&DH-PQQ were of particular concern at the tuin o
the 28" century, as discussed in Section 4.3 with regagbssible overestimations of blood glucose in
patients receiving treatments such as peritonedyss. In 2006 Tsujimura et al [16] reported aelo
FAD dependent glucose dehydrogenase (GDH-FAD) eazyhich was used in collaboration with a
ferricyanide mediator. The resulting sensor gavén@ar range of 5-30 mM, a highly selective
amperometric response to glucose, was insensitiwxygen, and also showed negligible response to
other saccharides. This is employed by Abboth@irtmost recent Freestyle strip range [20].
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Although they are the only commercially availabjstems for BGM, enzyme based glucose
sensors have numerous intrinsic flaws and numesousces of errors. A recent review by Ginsberg
[203] explores the factors affecting blood glucasenitoring, in which he identifies four main
sources; strip factors, physical factors, patiantdrs and pharmacological factors.

Strip factors include the surface area coveragenziyme in the sample wells, the use of a
mediator which is unstable in the oxidised form antiigh temperatures, and the detrimental afféct o
high temperatures and high humidity on the perforceaand lifetime of the strips. The thermal
instability is problematic to fabrication as wed storage methods, and NAD centred GDH requires a
more complicated oxidation system to GOx and PQ&). [With regard to physical factors, the effect
of altitude and temperature were explored to testaiccuracy of various test strips. It was fourat t
altitude affected GOx based meters by 6-15 %, whsréhe non-oxygen dependent GDH systems
observed accuracy within 5%. On testing at a teatpee of 8C the accuracy of the five strips tested
varied considerably, regardless of the enzyme tétbeerrors of 5-7% either positively or negatively
[203].

Patient error is more difficult to address, asitolves miss use of the glucose monitor, and
variation in haematocrit, the ratio of red bloodlscto plasma in the whole blood. The former can b
resolved by appropriate design and instructiornefrheter, yet the latter is the percentage levetaf
blood cells in the blood, which varies considerabl$erious errors in BGM arise from variable
haematocrit levels, with studies showing an ersolaege as 40% at very low haematocrit [204]. Lab
based laboratory tests monitor plasma glucosedewather than whole blood, thus observing glucose
levels generally 10-15% greater than in the whdd®db. Self BGM can not be as specific, and tests
the whole blood, therefore needs to account faekée haematocrit in its design.

In a bid to reduce patient discomfort in sampleugsition blood sample sizes have vastly
decreased and are now of sub microlitre volumeswe+er, on the reduction of the sample size, the
margin for error by contamination is increased. @issberg discusses [203], if the patient has not
washed their hands a contamination of just 1 pgjudose could raise the glucose reading of a 0.3 pL
blood sample by 300 mg/dL. This is an error peshagst addressed by educating patients rather than
attempting to account for external surface contation in the sensor. This is an approach that evoul
suit addressing pharmacological errors also, a® wescussed in Section 4 and include the use of
prescription drugs and non-glucose sugar treatments

The introduction of ‘wired’ enzyme electrodes by llgle et al completely altered the
conventional approach to glucose sensing [19].leHet al presented an innovative design that used
parallel facing carbon working electrode and Ag/AgGunter electrode, merely 50n apart [20,22].
This reduced the electrode area, and producedex ssay, as well as imposing a strict contrahen
sample volume. To overcome the problem of a largeacitance due to rapid electron shuttling
between the facing electrodes, a wired enzymastesy was proposed that utilised arf'G$redox
mediator with a formal potential between -0.2 ar@\D relative to the Ag/AgClI counter electrode. As
such, the oxidised mediator could only be reducedhe enzyme thus preventing a current to be
passed within the electrode cell. The very smathgle volume also ensures the complete, rapid
oxidation of glucose, as opposed to partial oxatatdf glucose or mediator as observed in other
designs, therefore a more accurate determinatitmoofl glucose is possible.
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5.2. In vivo glucose monitoring: Continuous glucesasors

Single point fingerstick glucose sensors have &gantly improved diabetes control and blood
glucose management over the past four decades.e\owa number of clinical trials have shown that
tighter glycemic control is required to obtain arsficant reduction in complications related to
diabetes [205--207]. Although instantaneously aai®) intermittent in vitro blood testing does not
give a suitable picture of glycemic behaviour, pdowy a static overview of a continually changing
system. In particular the time spent in high av lglycemic episodes is grossly misrepresented aand
such a gradual deterioration in health is stilleskied. The answer to this problem is to increhse t
frequency of blood glucose sampling, without howeweacreasing the frequency of the painful and
inconvenient fingerstick monitoring. Over the péise years continuous glucose monitors have
emerged to achieve exactly this.

Continuous glucose monitors (CGM) are in vivo elechemical sensors inserted into the
subcutaneous tissue of the upper arm or stomach fueriod a days. During this time the glucose
level of the interstitial fluid is continually madored with readings taken as frequently as evenutei
and calibrated daily by a fingerstick strip te§the amperometric signal is recorded and the data is
transferred wirelessly to a receiver which theressss the glycemic levels. The original CGMs were
analysed retrospectively by health workers perfagi8-day blind studies. In 2000 the first realdim
continuous glucose monitor was commercialised [298t the past decade has seen a significant
improvement in CGM technology. Presently, threeMC&ystems are available on the market; the
Freestyle Navigator (Abbot Diabetes Care), Guar@®aReal-Time (MiniMed), and DexCom Seven.
In a recent study [209] the numerical and cliniaaturacy of the CGM systems were compared,
concluding that the Navigator and Guardian had @uatge numerical accuracy but the DexCom
observed a 30% higher value.

CGM systems pose additional complications to theds associated with in vitro testing. First,
the electrode needs to be able to undergo constabte and accurate amperometric detection, withou
undergoing electrode fouling, deterioration of theface, or saturation of the surface. Secontly, t
electrode must be very small so as to achievedast Idiscomfort possible. Thirdly, they must be
completely non-toxic, without the possibility of yaleachable materials. Finally, the sensor must be
biocompatible. That is to say, it must cause thaimmal immune response, as inflammation of the
insertion site and surrounding tissue will prodwceamisrepresentation of the blood glucose, and
significantly increase the risk of biofouling [210]

One of the most successful CGMs currently in usbesAbbot Freestyle Navigator [206,209],
and it accounts for the above complications in mloer of innovative ways. It consists of a 0.6 mm
wide plastic substrate in which the working, refex and counter electrodes are layered by screen
printing [20]. On the carbon working electrode thieed enzyme technology is once again utilised,
and is covered by a flux-limiting membrane. Unlitkee strip technology, the CGM sensor uses a
GOx-FAD enzyme centre. This is combined with amiosn redox mediator using a conductive
hydrogel which binds the electroactive componentshe sensor, yet allows for the diffusion of
glucose, glucolactone and water soluble speci&d]5,0ne of the most important properties of the
sensor is the bound redox mediator, which thereferelers the sensor non leachable. The use of
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0" allows for the application of a low potential 06{0.04 V vs. Ag/AgCl. The CGM has been
successfully administered for over 5 days in tri@66], and requires no more than a one-point
calibration from a drawn sample once a day.

6. REQUIREMENTS OF NON-ENZYMATIC BLOOD GLUCOSE SENS ORS

The intrinsic instability of enzymes and oxygenitation encountered in glucose monitoring
strips are two persistent and significant problemish commercial, in-vitro glucose sensors.
Elimination of the bio-component and dependencexygen is therefore a desirable advancement of
glucose sensors, and is the reason practical aidevhon-enzymatic glucose sensors that supersede
modern, commercially available systems are so higbilight after.

Table 7.The minimum requirements of a viable glucose sensor

Minimum requirements of a  blood glucose sensor

Property Reason and/or required minimum response
Selectivity Must be selective to glucose only, with min. interference from erroneous sources
Sensitivity 1pA cm™ mM™ or greater to improve on enzymatic sensors

No oxygen dependency A reliance on oxygen is a major problem for GOx systems

Stability Stable during application and have a lifetime exceeding 6 months

Accuracy and precision Must meet ISO” standards of within 20% error 95% of the time

Biocompatibility Particularly for in-vivo use due to biological components and immune response
Low cost Fabrication costs and running costs must be lower than enzymatic systems
Easy fabrication Easier fabrication than screen printed enzymatic electrodes strips

*1SO — International Organisation for Standardmat

The list provided in Table 7 outlines the minimueguirements (in addition to the data in
Table 6) of non-enzymatic glucose sensors if theyta compete or indeed replace the enzymatic
industry. The main areas for concern are selégtiwhich is evidently still a problem for enzynati
systems, and sensitivity in a specific media ileoth at pH ca. 7.4.

At present research regarding chemical interfere@tenon-enzymatic electrodes is positive,
with increasing selectivity being observed withaets to AA and UA in particular [76,112,153,211].
Less research has been conducted into the efféatsneglucose sugars however [96,212,213]. Aoun
et al found that a gold electrode single crystatebde modified with a silver ad-layer gave a cese
dependent on the sugar structure [96]. Glucosa ialdose type sugar, along with galactose, xylose,
ribose, arabinose and mannose to name a few. dreeyonosaccharides which possess one aldehyde
group per molecule, and therefore they all possaagle hemiacetalic carbon atom. Aoun found that
only the aldose type monosaccharides, and alsaltlese disaccharides maltose and lactose, gave a
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significant oxidation current. Ketose type mona$eeides, in which the molecule has a single ketone
group, did not oxidise at the modified gold eled#d96]. Choudhry et al [212] found a copper oxide
screen printed electrode to have a modest selgctivi glucose over maltose, sucrose and fructose,
with the latter not giving any response, and thenfer two, both containing a glucose molecule, gave
oxidative responses at potentials 0.39 and 0.46¥emositive of the glucose response respectively.

Sensitivity is considerably greater at non-enzymatectrodes, with enzymatic systems stating
‘high currents’ of approximately 5 pAmiem? [30,177,214,215], relative to currents of gengrabo
HAmM“cmi?or more reported at non-enzymatic sensors.

With regard to the ever-decreasing sample size,pthtential for nano-dimensioned, non-
enzymatic electrodes far exceeds the constrairlty@é macrosized enzymes, potentially allowing for
even smaller sample sizes and higher sensitivitlge benefits of inorganic fabrication methods also
compete favourably against biosensor fabricatienthe delicate nature of the enzyme need not be
considered, thus allowing for more diverse, rapmll &wer cost processes. This offers another
advantage to non-enzymatic glucose sensing; thieyabireuse an electrode. The long term stapilit
of non-enzymatic electrodes varies widely dependingthe fabrication method. Yet sustained,
relatively high sensitivity has been observed amh-enzymatic glucose electrodes and their
renewable properties demonstrated [107,112,152,218his may have a more significant application
to in-vivo glucose monitoring, though renewable aotbhust in vitro sensors would also be cost
effective and practical.

Although not the case for all non-enzymatic eleté®discussed here, a large number require
an alkaline medium to operate [96,106,122,163,2PD}; and as such non-enzymatic electrodes face
their greatest problem in biocompatibility. Foretimost part, this applies to nickel and copper
electrodes, with the rapid development of carbosetianon-enzymatic electrodes is moving towards
more biologically compatible sensors.

7. OTHER APPLICATIONS OF NON-ENZYMATIC GLUCOSE ELEC TRODES

Glucose electro-oxidation is not only useful todgaglucose monitoring but may be applied to
other areas such as the food industry, industriatgsses, and the development of fuel cells and
batteries. Although they have a potential for msthe blood glucose industry, non-enzymatic sesisor
are possibly of greater use in non-physiologicaliations. This is primarily due to their lower
selectivity, as industrial systems have a gregbpgodunity to impose selectivity via chromatographi
methods, or indeed they may involve ‘clean’ systevh&h do not contain interference species. The
high electrocatalytic activity of non-enzymatic @fedes vastly outweighs that of their enzymatic
counterparts, and as such they are potentiallyusethe fuel cell industry. Furthermore, therinsic
thermal stability, chemical resistance and longitsensitivity observed in a number of non-enzymatic
systems place them in a better position for expaniadly extreme environments.
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7.1. Industrial processes

In their application as sensors, non-enzymatic agec electrodes may find extensive
application as sensors in bioindustrial proces&asch industry includes fermentation plants, inckhi
strict environmental controls are in place for pptin production. The need for diverse and adaptable
sensors with a good, stable performance in variabladitions is therefore required. Enzymatic
systems require optimum conditions themselves,etbee are not always applicable to industrial
processes. Other bioprocesses include large sgatleesis in the pharmaceuticals industry, in wiaich
control on the formation and consumption of keyl@ea or reactants such as glucose is required. A
number of enzymatic glucose sensors have been apmeeland used in monitoring fermentation
processes [221--224], yet non-enzymatic electrbdee yet to be practically applied.

7.2. Quality control

In the food industry quality control of food andrde products is essential, and measuring the
quantity of various sugars to validate the qualibaturity, authenticity and nutritional value ofeth
product is of considerable importance. Unlike ito-€nvironments such as inside a fermentor or
reactor, analytical assessment of final products ingolve secondary separation stages to enhance
selectivity. The use of flow injection analysiggin pressure liquid chromatography and capillary
electrophoresis is common in the food industry, aygesponsive, highly sensitive sensor is essential
none the less. In Table 2 non-enzymatic electrdde® been applied in collaboration with these
stages, and the considerably lower limits of deteciemonstrate the high sensitivity of the eladti®
towards the analyte [225--230]. Chromatographiages are not always necessary however.
Nonenzymatic glucose electrodes have been usedst¢oindinatively determine aldose type sugars
(e.0. glucose, xylose and galactose) versus kéypsesugars (e.g. fructose and sorbose) [96,212].

7.3. Fuel cells

In the controlled environment of a fuel cell, theitnot restrained by the problems associated
with physiological conditions, non-enzymatic gluedsiel cells are understandably under extensive
investigation. As climate change and environmergailes take scientific precedence in the last
decade, renewable power sources that are carbdrahate highly sought, and as glucose is readily
harvested in natural sugars and produced as adajprrto photosynthesis, it is an ideal fuel sodece
replace fossil fuels. Furthermore, the desireatwitate a biologically powered artificial orgarcelas
a heart or pacemaker [62,231--235] has been as$ gseto develop a glucose sensor. Glucose, or
indeed other saccharide fuel cells, may therefare day replace batteries in portable devices to
engines in vehicles.

In comparison to other fuel cells the lure of acglse based system is the potential to derive
power from a degradable biomass, that is non toxim flammable and readily and renewably
available, thus obtaining a high energy output fransustainable source. Furthermore, glucose
theoretically has a very high energy density, i capacity to release up to 24 electrons pergkic
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molecule on the basis of complete oxidation to,@ad HO [236]. The complete oxidation in a fuel
cell would theoretically yield the processes in &wpn 7 at the anode and cathode, occurring at a
formal potential of 1.23 V and releasing 2870 kJ hin energy [237].

Anode GHi0s + 240H 6CQ + 18HO + 24¢e
Cathode 6@ + 12HO + 24 e 240H
Overall GH120s + 6Q 6CQ + 18RO (7)

The potential energy stored in glucose is substhntet enzymatic, and most non-enzymatic
electrodes only oxidize glucose to the glucolact@nmere two electron process that yields 250 kJ of
energy [237]. This will always be the case at emayc systems, yet non-enzymatic catalysts have the
potential to fully oxidize glucose. It has alreduBen claimed by Larew et al [50] that glucose inay
oxidized beyond glucolactone on a gold electrodgemding on the electrode potential and on the
glucose concentration. Mass spectrometry hastsso used and shown signs of J@rmation at
potentials well into the oxide region for gold [63nd Kokoh et al. used HPLC to analyze the
products, and observed not only glucolactone amdogiic acid, but products derivative of further
glucose oxidized [238]. Applying a high potentiabuld defeat the object of a fuel cell, yet
considering the significant decrease in operatmigtial for the initial glucose oxidation at madd
gold electrodes [81,96,97], the potential requiedlilly or more substantially oxidize glucose nizgy
shifted also. Such an electrode was reported byadd Taniguchi [239] in 2007 using a silver
modified gold electrode.

A number of non-enzymatic glucose fuel cells haves tbeen reported on a range of electrode
materials including silver modified gold [239], \@F microfibers [240] platinum [241] and very
recently carbonized nanofibres [242]. The applicatof non-enzymatic glucose electrocatalysts
towards fuel cells is an extensive topic in itsafid a number of comprehensive reviews on the subje
have been recently published [236,237].

8. CONCLUSION

It is evident that the field of non-enzymatic glgeosensing electrodes is developing rapidly
given the vast number of publications observedhm past 10 years. The surge in interest and
improved success no doubt coincides with the deveént of nanomaterials, allowing for higher
surface areas, improved glucose oxidation kinetas|, better selectivity. However, it is also ewide
that much of the research surrounding non-enzyngiticose sensors is becoming repetitive and
greatly lacks innovative approaches beyond design@w nanomaterials. The fabrication of a variety
of nanostructures and modification of relativelywelectrode materials, though aesthetically plegasin
in the publication, are posing no significant imgement relative to enzymatic electrode design. The
sophisticated and innovative ‘wired’ enzyme desifgveloped by Heller et al [19,20,243] over the
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past 20 years epitomises the idea of a new andirgxcelectrochemical approach, and it is a
comparable advancement that is missing from nowreatic research. This advancement may depend
on research into new carbon based materials, gheservery hot topic however. The technology
involving carbon nanotubes, graphene, carbon narexiand doped diamond is certain to rapidly
develop in the near future, possibly leading teeful non-enzymatic glucose sensor.

Although there is a clearer understanding of theharisms of direct glucose oxidation at
metals and carbon electrodes they remain uncendth, frequent contradictions observed in the
literature. As such a universally agreed mecharfismnon-enzymatic glucose oxidation remains
unresolved, and as such real modification of etelets can not proceed effectively without this basic
understanding. Non-enzymatic glucose electrodis digh sensitivity, the possibility of long term
stability, a resistance to thermal implicationsd an low cost, simple and reproducible fabrication
method, and as such they require a renewed apptodbbir design and development. However, they
have yet to achieve all the requirements of a eidibod glucose sensor as stipulated in Tabledd6 an
7, and have some limitations to overcome beforg supersede enzyme technology, though it would
seem the goal of non-enzymatic glucose sensinigse ¢o being realized.
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