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Neste trabalho de revisdo sdo analisados 0s avangos mais recentes em eletrodos enzimaticos
amperométricos dando énfase particular aos biosensores bas€&ldossa OxidasenaHorseradish
PeroxidaseA intermediacéo redox através de mediadores artificiais solliveis ou ligados a polimeros é
discutida em termos dos desenvolvimentos tedricos recentes e verificagdes experimentais. E analisada a
dependéncia da resposta amperométrica com a concentracdo do substrato, do mediador e da enzima assim
como com o potencial do eletrodo e a espessura do filme. Sdo também avaliadas as possiveis aplicagdes
destes sistemas em esquemas multi-enzimaticos.

Recent advances on amperometric enzyme electrodes are reviewed with particular emphasis on
biosensors based on Glucose Oxidase and Horseradish Peroxidase. Redox mediation by artificial
soluble and polymer attached redox mediators is discussed in terms of recent theoretical develop-
ments and experimental verification. The dependence of the amperometric response on substrate
and mediator concentration, enzyme concentration, electrode potential and film thickness are
analyzed. Possible applications in multienzyme schemes are also analyzed.
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Introduction Potentiometric devices measure potential under equi-
librium conditions where no electrolysis and charge trans-
Biosensors are devices that combine the selectivity anfort across the electrode-solution interface occur at the
specificity of a biological component with a suitable indicator electrode The potential difference between the
transducer. The biological sensing element, usually an erindicator and the reference electrode is related to the ana-
zyme or an antibody, recognizes the complementary moleyte concentration according to the Nernst or the Donnan
cule and the resulting biochemical changes are transducegfjuation. Potentiometric measurements can involve an ion
into a concentration dependant proportional signal selective electrode or a noble metal electrode immersed in
a solution of redox couple, modified with an immobilized
lective proteih*.
Amperometric biosensors are typically inexpensive and
less critically dependent of an accurate reference elec-
. trode. In this case the potential at the working electrode is
The electronic transducer can frequently measure pope|q constant while the current flow is measured. A simple
tential, current, light, temperature, mass, etc. Generallygjrcuit involves a two electrode configuration although
biosensors can be classified according to the nature of thiore precise control of the applied potential can be
physical transducer: potentiometric, amperometric, cal-achieved by using a potentiostat and a three electrode
orimetric, piezoelectric or optical sensors. configuratiof.

Biosensor development began with experience of bio
molecule immobilization and stabilization on the one hand,Se
and the miniaturization and functionalization of more so-
phisticated transducers, on the ofher
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Calorimetric biosensors are used when the reactioiin electrochemical studies include alcohol dehydrogenase
involves important energy conversion, generally, heat proand glucose dehydrogend$¥
duction. This heat leads to a proportional temperature rise i
which can be related to the analyte concentration. Som&UCOSe oxidase

early pUblicationS appeared in 1§7&’1d general review The enzyme g|ucose Oxidaﬁ.m g|ucose oxygen 1
articles have appeared in recent y&ars oxide reductase EC 1.1.3.4) discovered by Muller in 1928
Piezoelectric devices require an oscillating crystal sub+as been used in most of the work on biosensors.

jected to an alternating frequency (MHz). The mechanical |t can be obtained fromspergillus nigermndPenicil-
oscillation of the crystal varies according to mass change$i,m notatum It catalyse3-D glucose oxidation in the
The crystals are modified with biomolecules exhibiting y.acence of oxygen producing D-gluconolactone, which
high selectivity towards the substance to be determinecﬁydrmyzes to gluconic acid, and hydrogen peroxide.

The principal disadvantage of these devices depends on' g enzyme is a homodimer of 150 to 186 kDa mo-

nonselective adsorption. Some alternatives have been pros.ar weight which contains two FAD molecules tightly

posed in order to overcome this effe€t _ _bound. With denaturing agents, both subunits can dissoci-
Optical sensors, known as optodes, have achieved Sigse leading to FAD l0&&

nificant innovations by using optical fibre. When the bio- The primary structure has been described from the
chemical process determines an optical effect the resulting_y\ 5 sequence corresponding to 583 aminoacids, 3 cys-

S|gngl can be transmitted with an op_t|ca| fibre. Different oine residues and 8 potential sites for N-linked glycosila-
configurations and examples of optical sensors can bﬁon”. A high negative charge at neutral pH can be

found in the literature": predicted from this information. The enzyme is a glycopro-
Enzymatic electrodes tein which contains 10 to 16% carbohydrate, manose being
_ _ the most abundafft
Biosensors are called enzymatic electrodes when an The monomeric molecule is a compact spheroid with

enzyme is the biological component and transduction i%limensions 60 A x 52 A x 37 A and the dimensions for the
based on electrochemical principles. This type of biosenso&Iimer are 60 A x52 A x77 A

now plays an i_mportan_t ro_Ie, in particular, for biomedical The secondary structure has also been studied with
and technological app||.cat|ohr’s. ._regard to FAD and substrate binding $ites
Enzymes are proteins which present an outstanding Oxygen is the natural co-substrate of GOx. It reacts
ability for molecular recognition. The biochemical changes ; . . . ' .
producing hydrogen peroxide which, as it has been studied,

following this process are finally electrochemically affects the enzyme, particularly the oxidized form of

transduced. . . GO¥** In living organisms hydrogen peroxide is elimi-
Many enzymes have been characterized, part'CUIa”}f\ated by catalase. Another drawback for this type of

with respect to tertiary structure and are also commerciall)b. . . .
. - . . “biosensor is that either the detection of oxygen decrease or
available. Therefore, it is not surprising that a great major;

ity of the biosensors, so far described, are based on ert?iyed:)(:(?ggtigirg?ligteef]l‘terrilagghs%%ili“evse potentials can lead to
zyme$. :

. An improved alternative is the use of an oxidizing
Redox enzymes, called oxido-reductases, are probablg ecies other than oxyg&R8 The signal detected depends
the most frequently employed. They are classified with P Y : 9 P

regard to the prosthetic group, a molecule tightly bound on the oxidation of these species, called mediators, accord-

the protein structure: flavin, quinone, heme or copper cen-'9 o
ter. R —> O+ne

More than 80 flavin enzymes are known with FAD
(flavin adenine dinucleotide) or FMN (flavin adenine ~ ENZed+ 20 —> 2R+ Ena
mononucleotide) covalently or tightly attached. The active
redox site of this molecule corresponds to the isoalloxacine
group and the redox process depends strongly on pH.  where O is a one electron redox couple.

The redox potential of FAD has been studied in differ- ~ These mediators can be classified in four groups de-

ent enzymes and depending on the protein structure, tending on the optimum working pf

Enzox+S —> Engeq+ P

varies between -730 and -50 m¥.SCE*®” + Those for which optimum pH is 5,6 such as qui-
The enzymes which contain quinones as prosthetic nones.

group, called quinoenzymes, are less common. The redox ¢ Compounds like p-phenylenediamine, phenoxazi-

active group is 2,7,9-tricarboxy- 1H- pyrrolo- (2,3-quino- nes like methylene blue and toluidine blue, ferro-

line-4,5-dione) known as PQQ and since oxygen does not cenes, tetrathiafulvalene (TTF), tetracyanoquinodi-
reoxidise it, they are dehydrogenases. Quino enzymesused  methane (TCNQ) and benzylviologen.
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« Compounds with a high charge density that have arupon substrate additidh However, this electrode design
acidic optimum pH. has presented poor stability. Further work involved ferro-
« Compounds with low charge density that have alsocene attachment to oxidized carbohydrate residues on the
an acidic optimum pH like indophenols. enzyme outer surfateln this case effective intramolecu-
Certain criteria must be satisfied when choosing a melar communication between the FAD group and the media-
diator, such &8: tor required longer spacer chains to allow ferrocene to

« Rapid reaction with the enzyme and the electrodepenetrate sufficiently to approach the enzyme redox site.
chemical stability under experimental conditions; no When the modified enzyme was immobilised onto a graph-

secondary reactions should be involved. ite electrode negligible currents were detected. These re-
« Itmust present a redox potential away from the redoy8ults suggested that electron transfer involving redox

potential of interfering species. relays, GOx redox site and the electrode required freely
+ The potential should be independent of pH. tumbling enzyme molecul&s

« It should be preferably non toxic and amenable to Bartlett et al. have also modified GOx enzyme using

immobilization on the electrode. ferrocene derivatives and have also observed continuous

The design of amperometric biosensors involves seySignal loss which was attributed to ferrocene decomposi-
eral strategies. These can be divided into two main groupé':On in accordance to Szentrimay’s stufe§

those which require a soluble enzyme and those where the A detailed study of GOx modification can also be found

- . - 43 -
enzyme is immobilised at the electrode surface. In botthn a pgbl|qat|onfof|EngI|slet %l' In th'hs ]:/vork cova(ljent_
cases oxygen can be replaced by a redox mediator. erivatization of glucose oxidase with ferrocene deriva-

Experiments with soluble enzymes can be further clasyves was evaluated by following the quenchlng.of t_ryp.t 0-
han fluorescence. The results of voltammetric dilution

sified according to the use of redox mediator which can b& . . L
xperiments were also consistent with intramolecular elec-

soluble, bound to the enzyme structure or immobilized afron iransfer between FAD and mediator moieties. The
the electrode surface.

.values calculated for electron transfer rate constants were

The first alternative has been extensively studied and I8 all and allowed to the estimation of the average redox

called homogeneous mediation. The enzyme and the M&ite separations as 21 and 26 A. It is suggested that en-

diator are free in solution. The mediator is oxidised (re- e
. . : hanced electron transfer rates should be expected if acid
duced) at the electrode and diffuses into the solution whe(r{e P

. : .. residues were modified.
it reacts with the enzyme. Therefore the reduced (oxidise

)
: . More recently Bartletét al. have reported the covalent
tmhgdclit:?er diffuses back towards the electrode to COmlOIet?nodification of GOx with a tetrathiafulvalene derivative.

These results show that the oxidized tetrathiafulvalene

) Itis possible to. find a Iargg number Of, examples, Pa4erivative can oxidize the enzyme and that the stability of
ticularly for GOx, involving different mediators such as GOXx is significantly improved upon covalent modifica-
ferrocene®-32 ruthenium complexédand quinone¥->° tion

These studies have contributed to the understanding of  glactron exchange between soluble redox enzymes and
amperometric biosensors. However, there are several dis,mobilised mediators was achieved when using conduct-
advantages, in particular, the fact that this type of devicgng grganic salts. These materials are prepared by combin-
cannot be used as an implantable biosensor. ing a suitable organic electron donor and acceptor

An attractive alternative is the modification of redox molecules. A typical example corresponds to the combina-
enzymes with mediators covalently attached to the proteifion of tetrathiofulvalene and tetracyanoquinodimethane
structure. This is not significantly different from the pre- (TTF.TCNQ). Other combinations used for GOx are
vious situation since the mediator is bound to the enzymgMp.TCNQ, Q.TCNQ, Fc.TCNQ, NMA.TCNQ where
but the latter is still in solution. However, if the enzyme is NMP is N-methyl phenazine, Q is quinoline, Fc is ferro-
prevented from diffusing freely by using semipermeablecene, NMA is N-methylacridine, respectivEl{® It is
membranes, the mediator will also be confined to a thinyroposed that direct electron transfer from the modified

adyacent solution layer adacent to the electrode. electrode to the enzyme may occur and a mechanism for
Several publications describe the attachment of redoxhis interaction was presentéd

molecules such as ferrocenecarboxylic acid and other fer-  The other main group involves enzyme immobilization.

rocene derivatives @amine groups of GOx proving elec- In this case three alternatives emerge: direct communica-

tronic transfer to FAD molecui® tion between electrode and enzyme which implies no redox
Heller et al. have modified enzymes like GOx and mediator; soluble redox mediators and immobilised media-

D-aminoacid oxidase with ferrocenecarboxylic acid, ferro-tors.

ceneacetic and ruthenium complexes such as ruthenium Direct electron transfer from an electrode to an enzyme

pentamine-nicotinic acid and have shown a catalytic effectctive site seems to simplify biosensor design. In this case
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no co-substrate nor mediator is required and enzyme ele¢dm thickness can be easily controlled by adjusting the
trochemical oxidation (reduction) determines the am-applied potential. In this way biosensors are designed with
perometric signal. However, some aspects must be takemne or several layefsor with several enzymes in one or
into account when considering this possibility. It should bemore layeré'.
pointed out that successful results, with regard to electron The majority of the published work involves the use of
transfer, were obtained with redox proteins. These molepyrrole and derivatives to entrap GO%® and other en-
cules usually presenting 5 to 15 kDa molecular weighzymes such as poly(phenol)oxid#secholesterol oxi-
exhibit redox sites at the periphery of the protein structuredasé® and horseradish peroxid&dse
The redox centre may approach sufficiently close to the  Pyrrole can be readily polymerized at potentials greater
electrode to allow rapid electron transfer. The dependencthan 600 mWs. SCE by working at fixed potential or by
of electron exchange on distance has been studied in theseing cyclic voltammetry. The physical properties of the
proteins and other biological molecf2® It represents a  film depend on the nature of the electrode used, the rate of
critical factor when dealing with redox enzymes. Thesepolymerization, the ionic species present and the solution
molecules are generally higher molecular weight proteingpH.
and have an active site deeply buried within the protein  Monomeric and dimeric cationic radicals are initially
structure. generated leading to oligomer formation which can in turn
Although negative results for GOx were initially re- deposit as polymeric chains on the electrode. It must be
ported®, Bockriset al.observed direct electron transfer to taken into account that during this process the pH decreases
this protein with differential pulse measuremeht&0Ox near the electrode, therefore buffer solutions must be used
was adsorbed at graphite electrodes which probably reto avoid enzyme denaturation.
sulted in partial enzyme unfoulding, allowing FAD mole- It has been proposed that GOx, presenting highly nega-
cules to contact the electrode surface. Direct electrortive charge at pH 7, is electrostatically entrapped among
exchange resulted for low enzyme concentrations and arpolymer chains which allows enzyme immobilizafion
odic current increased upon substrate addition up to 1 mMThis was demonstrated with several experiments: GOx can
Elipsometric studies for GOx adsorption on gold con-be adsorbed onto polypyrrole filffsthe amount of en-
cluded that GOx adsorbed in three stages leading finally térapped enzyme decreases in the presence of competing
slow unfolding of the enzyme with loss of tertiary struc- anionic molecules such as sulphonated hydroqufiane
ture>2, ferrocyanidé® and it is very difficult to entrap positively
Wingardet al. have tried different alternatives to com- charged proteins.
municate with GOx redox site. Some of them were unsuc- Covalent attachment to preformed polymeric films has
cessfut®>>* and only when an (aminophenyl)boronic acid also been describ&
modified glassy carbon electrode was used, direct electron The amperometric signal in these electrodes is obtained
tranfer could be demonstrat@dThe electrode surface is with redox mediators or with the natural co-substrate, oxy-
oxidized and the resulting carboxylic groups are made tgen. In this latter case the resulting product, hydrogen
react with aminophenyl boronic acid by aqueous solubleperoxide, affects polypyrrole structfifeAnother disad-
carbodiimide. The resulting modified electrodes are furthewantage results from the fact that the applied potential
immersed in GOx solution. The authors demonstrate thaf0.65 V vs. Ag/AgCI) is susceptible to the presence of
electron transfer occurs with FAD still attached to theinterfering compounds like ascorbic acid and uric acid.
enzyme and not due to free FAD. However, they fail toRedox mediators are used instead of oxygen and in some
explain how this process occurs and the lack of catalyticases they have been co-immobilized with the en-
response when glucose is added. zymé®>88 The kinetic behaviour of this type of biosensor
There are several examples involving soluble mediatohas been studied and several works suggest models to
and immobilized enzymes. Most of the experience on prodescribe these systefig’
tein immobilization was applied to electrode design Other conducting polymers have been employed for
Early reports used dialysis membratieand some years enzyme immobilization such as poly(thiopherfgs)
later hydrogels appeared to be a better cAofeA large  poly(indolesy?and poly(aniline}*®* However, these elec-
number of reports can be found involving enzymes physitropolymerizations present serious disadvantages. The for-
cally or covalently entrapp&d’? mer require aprotic solvents and the latter need strongly
An attractive approach for enzyme immobilization is acidic solutions (around pH 1).
electrochemical polymerisation. This is a simple procedure  Another interesting alternative is the use of non-con-
where a suitable monomer is oxidized in the presence of aducting polymers such as polyphenols. The resulting films
enzyme. The resulting polymer can be conducting or nonare thin (50 to 100 nm), hydrophobic and insulafing
conducting depending on the monomer employed. Th&hese thin films allow rapid diffusion of substrate and
enzyme is confined to a layer adacent to the electrode. Theroduct and exhibit selectivity towards interfering spe-
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cies®. The polymerization of phenols proceeds in a similarseems to be an attractive alternative to effect electron
way to that for polypyrrole. The resulting films are gener-transfer between an enzyme and an electrode. Free diffu-
ally continuous and free from defects which has beersion of enzyme and mediator is avoided and consequently
evaluated following ferro-ferricyanide voltamméftyA the resulting device is ideal as an implantable sensor.
simple model has been proposed to analyse the glucose/en- Initial results allowed the conclusion that a flexible

zyme kinetic8®. polymeric structure would be necessary in order to access
Non-conducting films have also been obtained with 1,2the enzymatic redox site. Preliminary experiments with
diamino benzer®&®, polyvinylferrocene were unsuccessful probably due to a

A different strategy for enzyme immobilization is co- rigid polymeric structuré®.
valent attachment to modify electrode surfaces in order to A different application of polyferrocenes was reported
obtain enzyme monolayers. The most popular methods ar@y Turneret al showing effective mediation with glucose
the use of reactive silart@& Another similar method is to  0xidasé®’. The polyferrocene mediators were initially de-
modify an electrode with cyanuric chlorfd&'%2 Asecond ~ posited onto the electrode surface and after thoroughly
step requires the attachment of an alcohol or amine. Carbdifying GOx was finally immobilized. A similar electrode
surfaces can be functionalized after surface oxidation. Thélesign was reported by Savineti al'%® Polyvinylferro-
resulting carboxylic groups can be activated with thionylcene deposited on disk electrodes was used as a polymeric
chloride or carbodiimidé&® which can be finally used to mediator and electro-oxidized in a GOx solution for en-
anchor biomolecules. zyme immobilization.

A promising strategy in biosensor design is the immo- An attempt to improve these results was proposed by
bilization of both enzyme and mediator which generally Haleet al.who reported the use of polysiloxanes in several
requires polymeric matrices. Different redox polymersworkswg_l_l% Polysiloxanes with flexible chains due to a
have been used where redox molecules are bound to polfW rotational energy proved to be effective for redox
meric chains. Most of the examples involve redox organicnediation. The optimization of the response depended on
molecules or transition metal complexes which can be€rrocene content, chain mobiftj‘**and the length of
reversibly oxidized or reduc&y. the alkyl side chains containing the active redox ghup

In this case the electrode and the redox enzyme arEOWever, these redox polymers were only soluble in or-
electrically connected through the redox polymer andda@nic media and therefore two separated steps were re-
charge can be transported from and to the electrode. Figuf#iréd to introduce the polymer and the enzyme on the
1 shows a simplified model for a hydrogel modified en-€lectrode surface. _
zyme electrode mediated by a redox polymer, where k Amperometric glucose electrodes with other polymers

and k crepresent the mass transport coefficients within the>UCh @s ferrocene attached to poly L-lysine were prepared

hydrogel layer of thickness | and in the external electrolytePY Simultaneous immobilization of polymer and enzyme

respectively. with a semipermeable membrahe

Redox polymers fall into three categories according to oer.en”er ithzlc')lprk;)lzorzzg ahd:jﬁrireglts lf_rltjétfucl)lstr_itelgyr_l(oj{/
the type of attachment of the redox centres to the ponmeW ing wi u X Nydrogels like polyviny'pyn

backbone: covalent, coordinative or electrost&tidhese ine modified with osmium complexes as redox medidtors

materials have been frequently used to design modifie(]—he enzyme GOx was initially |mmob|I.|zed n a twc_) di-
mensional structure through electrostatic complexation on

electrodes. The use of redox polymers in biosensor design . '

POy gthe electrode or covalent attachment to tyrosine resitfues
This polymer effectively catalysed glucose oxidation when
adsorbed onto a graphite electrtde

O R S . > o .

% Three dimensional enzyme wiring was accomplished
when working with redox macromolecules. The design of
these macromolecules assured that they would complex the

R o] E P

enzyme and enable electron transfer from the buried redox
site to the periphery of the enzyme. The redox macromole-

<&

S
<« <—— cule should present opposite charge to the enzyme but also
Ksi Kse hydrophobic or hydrogen bonding domains to adequately
/ bind domains of the enzyme protein. The formation of

<« >

Glassy carbon hydrogen electrolyte adducts between polyelectrolytes and enzymes was studied

. _ . . through controlled variation of the isoelectric point of
Figure 1. Schematic representation of the double catalytic redox-enzy- . . .
matic cycle for the transformation of substrate by the enzyme with redoxrecombmam glucose oxidds& The molecular Welght
mediated electron transfer to the electrode. From. Ref. 128 (Royal Societghould be high so as to adsorb onto the electrode surface
of Chemistry) with most segments remaining unadsorbed and thus avail-
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able to complex the enzyme. The redox macromoleculg@olymer solutions. Finally, covalent crosslinking requires
should connect multiple enzyme layers so that increasediepoxide addition. This allowed large current densities in
current densities can be obtaifédee Fig. 2 the presence of freely diffusing substrate under anaerobic
It is possible to estimate the resulting signal when onecondition$!”*'® When a layer of immobilized peroxidase
GOx monolayer is densely packed on a £ sarface. For  was added, it was possible to eliminate interfering effects
each enzyme molecule I8ubstrate molecules per second due to ascorbic acid, urate and acetaminoffiéf
are oxidized and 2 electrons are transferred. Thus consid- Most of the work was carried out with GOx although
ering that the enzyme has?A diameter, there are 1,3 x several other enzymes could also be electrically “wired”
10" molecules per cfand 2,6 x 18 electrons can be 122124
transferred resulting a maximum current of £ #0cn? More recently, polyvinylimidazole modified with os-
39 It should be noted, however, that considerably lowemium complexes, presenting less positive oxidizing poten-
currents are obtained experimentally even for fully activetials, was used as a redox hydrd&et®® This redox
enzyme monolayer; a this can be related to mediator-engolymer was therefore used in the design of a selective
zyme orientation factors. subcutaneously implantable glucose electrode. The sensor
Three dimensional networks that electrically connectpresented no leachable components, high stability and a
enzyme redox centres to electrodes were achieved whetlinically relevant concentration rangé
using diepoxide as crosslinking agent. The first step in- A theoretical framework for the kinetic analysis of
volves complex formation by mixing enzyme and redoxreagentless amperometric enzyme electrodes was proposed
and the model was validated with experimental re%lits
The redox enzyme catalytic cycle for the anaerobic
400 @) B oxidation of glucose substrate, S, by redox cosubstrate
attached to the polymer backbone, O, catalysed by the
enzyme in the hydrogel can be represented by Eqs'#to 4

'S 300 - R — > O+e )
S Eo+S R-S — > R+P @
é 200 - GOX(FADHp) + O —>
z GOX(FADH) +R+H  (3)
5 100 - GOx(FADH) + O —>

GOx(FAD) +R +H 4)

The concentrations of oxidized and reduced redox sites
‘ I I I in the polymer, soluble substrate and the different forms of
0 0.1 0.2 0.3 0.4 0.5 enzyme entrapped in the gel layer are describedbskc
Potential (Vvs. SCE) Cs, Ceo, Cer and g, respectively. Electrode reaction (1)
takes place at the electrode-gel interface with fast kinetics.
In this case direct electrical communication between a

() new acrylamide-acrylic acid ferrocene copolymer and GOx
was achievelf®. The redox polymer also proved effective
mediation with horseradish peroxidase which can be seen
in Fig. 3 and the scheme of reactions involvétfis

H202 + HRRresy —> HO + HRRoy) (5)
HRPox + 2R —>  HRReq)+ 20 (6)
20+2 —> 2R @

The redox polymer oxidizes FADHn GOx and re-
duces an haemporphyrin in peroxidase. However, in both
cases low catalytic currents were observed for the acrylic

. hydrogel.
Figure 2. Catalytic wave for the oxidation of glucose by the enzyme y H g” t al. obtained | t ith | id
glucose oxidase "wired to the electrode" by the redox polymer (shown in eller et al. obtained larger currents with acrylamiae

Fig 2b) crosslinked to the enzyme. After Heller, from Ref. 36 (American and \éignylimid_azole copolymers Clomaining osmium r_edox
Chemical Society). sited?®. In this work several oxidases were electrically
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Figure 3. Steady-state c'a.talytlc response for th? reduction 2072kt Figure 5. Catalytic wave for glucose oxidation in 50 mM phosphate
Fc-Poly(acrylamide) modified electrode as a function of substrate concen:

. . buffer pH 7.1 and 0.1 M KN®at a Fc-PAA-GOx hydrogel modified
tration. E = 0.15 Ws SCE. Rotation frequency 2.8 Hz (RDE). Taken eIectroZe () glucose free soﬁjtion 10 mvisand (o)yO 1gM lucose
from Ref. 128. (The Royal Society of Chemistry). 9 ) 9

solution 5 mV &. Solid line corresponds to best fit to Eq. 8. (see text).
“wired” and different crosslinking reactions were investi-

gated polymer. The catalytic wave was calculated according to

A novel polyacrylamide-based redox gel was also pre-Eq' g%
pared from copolymerisation and different catalyst systems =
were evaluated. A new ternary catalyst turned out to be the 2FAV2kDe Cer Cr exp [B ﬁ(E -E%)]
most effective for a simple and rapid gel preparafon lcat= = (8)
Substantially larger currents were achieved with a poly- 1+exp[B RT (E-E°)]

cationic redox hydrogel such as derivatized poly(ally-
lamine}*L.  Ferrocene carboxyaldehyde was initially where E = 0.36 Ws.SCE is the formal redox potential of
attached to the polymer and the resulting redox polymethe ferrocene/ferricinium couple in the polymer, obtained
was further crosslinked with GOx via epichlorohydrin, seefrom the cyclic voltammetryp takes into account the
Fig. 4. interaction between redox centres and kka/kk + ko)*2

A typical catalytic wave is depicted in Fig. 5 in com-  The dependence of the catalytic current with substrate
parison with the cyclic voltammetry of the redox polymer concentration can be shown with a typical calibration

in glucose free solution. _ curve, Fig. 6. A good fit with Eq. 9 can be seen f@kjax
It should be noted the coincidence of the catalytic halfsg 54 3 g mA en? and Ke=10.9+ 2.9 mM.

wave potential with the redox potential of the mediator
T DeRéatCer

lcat= 2FAV——X5 =2 ©)
/CHZ CHZ o 14%
CH, CHy A/Cl °
I\IIH n I{IHZ m ___ 5 Gel Poly(allylamine) was also modified with [Ru(N}d
| GOX py]?®* and [Fe(CNgpy]*?> showing three dimensional
CH, charge propagatidff. However, a catalytic response was
only obtained with positively charged ruthenium complex
in spite of the large redox potential driving force of
o [Fe(CN)py*'>.
Viscoelastic changes at redox modified hydrogels were
@ studied with ferrocene poly(allylamine). Fast measure-

Figure 4. Ferrocene-poly(allylamine) crosslinked with GOXx via epichlo- m_ents In non_Steady ,State experiments Were, performed
rohydrin to yield the redox hydrogel. (ratio n:m is 1:10). From Ref. 133 with a quartz crystal microbalance. Deconvolution of both

(Royal Society of Chemistry) rigid massfm) and viscous resistance (R) contributions to
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60 mediator. The antigen-antibody technique showed excel-
55 PY lent results on account of catalytic response and stability.
50 . This immunological procedure was extended up to 10
45 enzyme monolayers so as to obtain larger enzyme'fitms
A slight modification of this technique allowed the selec-
40 tive inactivation of any enzyme layer. The catalytic cur-
““Q 359 rents were analyzed in terms of the number of active and
2 30 inactivated enzyme layers and mediator concentration. A
2 55 constant value measured for each enzyme layer thickness
- proves that a high degree of spatial order is achieved in this
20 step by step construction.
154 A full description of homogeneous kinetics and kinetic
10 - characterization of the antigen-antibody spatially ordered
5 ] catalytic enzyme assemblies can be found in a recent re-
o view article by Savearst al14?
1 ] ] ] ]

0 20 40 60 50 100 120 . A. comprehensive th_eoretical study of d_iffusion and
Co(mM) kinetics in amperometrlc electrod_es in _whlch poth the
s enzyme and the mediator are confined within a film at the
Figure 6. Steady state catelytic currents for substrate oxidation catalyseg|ectrode surface was presented by Bartlett and‘Bratt
by Fc-PAA-GOx hydrogel in 0.1 M KN@and 20 mM phosphate buffer  .»q giagram with several limiting cases is described for
of pH.7 for different glucose concentratiom$. Solid line corresponds to approximate analytical solutions under steady state condi-
best fit to Eq. 9 (see text). . . . .
tions and an approximate analytical expression for the
current response has been obtained for each limiting kinetic
case.

) ) A new insight into homogeneous enzyme catalysis was
A different alternative was proposed by Oyahal -1_34 presented by Saveagttal 1** The various protonated forms
for the entrapment of a redox enzyme in a thermoshrinkablgs the flavin in GOx at the three succesive oxidation states
redox polymer. In this case a cold aqueous solution Ofe taken into account. Therefore significant variations
polymer and enzyme was placed on the electrode and thgith pH are detected when analyzing the catalytic response

resulting mixture becomes insoluble for temperatures,g 5 function of pH.
higher than the separation temperataee £0 °C). Cyclic voltammetric experiments were also done in
A multilayer film consisting of mediator and enzyme order to evaluate chiroselective electron transfer, pre-
was prepared on a gold electrode. In this case a ferrocerngously reported for homogeneous mediated enzyme ca-
derivative, used as electron mediator, and glucose oxidadalysis*®. In this way, catalytic curves were studied with
were covalently bound employing glutaraldehyde astwo enantiomeric forms of a ferrocene derivative giving
crosslinking agent®. equal catalytic response. The authors therefore concluded
Another attractive and promising strategy is to immo-that the elect_ron transferlreactiop is not chirosele’é‘ﬁ.ve
bilize oné31%7 or several enzyme layd?& to modified Consecutlve enzym_atlc reactions can be applied to am-
gerometrlc sensor design. These multienzyme sensors can

electrodes using self assembly monolayers. In this wa develoned by | hilizi | i red
Willner et al. achieved electrical communication for vari- 0€ developed Dy immobilizing several énzymes in redox

ous layers of GOx when developing organized networks ofpolymer films attached to solid electrodes. A simple device

a self assembled monolayer of functionalized thiols on goldan iNvolve co-immobilization of peroxidase and a perox-
electrodet3® ide producing oxidase such as glucose oxidase as shonw

L ing Fig. 7. In this case glucose can be either detected via
Layer by layer self assembly of cationic redox polymeryqih o monoenzyme scheme (Egs. 1 to 4) or a bienzyme

and GOx was presented as an integrated chemical systefheme where the following reaction is catalysed by GOx:
for biosensor design. Gold electrodes were initially thiol-

modified and succesive immersion in ferrocene polymer Glucose + @ — gluconic acid + EDz  (10)
and enzyme solutions allows the formation of multilayered
structure$®.

Af can be achieved with simultaneous cyclic voltammetric
measurements’,

and the reaction product 6, is further decomposed by

horseradish peroxidase according to Egs. 5 to 7. At positive
The idea of controlled spatial arragments of enzymepotentials Egs. 1 to 4 take place whereas at much lower

monolayers was initially achieved with an antigen-anti- potentials the bienzyme scheme is involved.

body immobilization procedut®’. In this case catalytic Several multienzyme sensors have been reported by

response was evaluated by employing a soluble redoinmobilization of enzymes in a crosslinked redox polymer.
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Figure 7. Steady state current for glucose oxidation at a bilayer enzyme

0.6
0.5 hd
0.4 -
0.3 1
0.2 1
0.1 -

0.0 - o ®

CGlucose (l’l’lM)

electrode Fc-PAA-GOx-HRP in 0.1 M KN and 50 mM phosphate
buffer of pH 6.7, @ saturated solution. E = 0.05W& SCE.
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14,
Most of these sensors involve wired peroxidase and several1 5,
oxidases such as lactate, alcohol and glucxisase

A novel four layer structure was reported for a glucose 16.

and lactate sensor based on wired thermostable soybean

peroxidase. This device employed an osmium redox poly- 17.
mer as redox mediator and exhibited stable output at 37 °C

for several dayst.

The feasibility of designing trienzyme electrodes where
the enzymes are immobilized in a redox polymer matrix 19.

was reported by Michaddt al. In this work the osmium

redox polymer was crosslinked in the presence of choline 5q

18.

oxidase, horseradish peroxidase and acetylcholinesterase

and relatively low response to acetylcholine solutions was 54

observed?
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