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Lehrstuhl für Allgemeine Chemie und Biochemie

Technische Universität München
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Summary:

Most amperometric enzyme electrodes demand integrated coenzymes and/or mediators for the

transfer of redox equivalents between protein and transducer. Thefree diffusibility required for

this function of the mediators implies simultaneously their leaking from the electrode chamber.

Approaches to overcomethis problem, aiming on the construction of compact independent oxi-

doreductase electrodes are reportedin this contribution.

first attempt is based on the covalent binding of oxidoreductases on various conducting sup-

ports. Independent from the material and the binding method nodirect electron transfer was ob-

tained in any case. A subsequent immobilization of mediators through long spacersis therefore

envisaged. In another approach,the functionalization of conducting surfaces with orientated

mediators boundthrough conducting spacersis investigated, aiming on the subsequentaffinant

binding of coenzymes. The most successful and promising way seemsto bind mediators or

coenzymes through spacers to the enzymes themselves andto immobilize these complexes onto

or within functionalized electrode surfaces.

1. Introduction:

The most important step in the transduction process of amperometric enzymeelectrodesis the

transport of redox equivalents from the active site of the catalytic protein to the electrode surface.

There are only a few examplesfor the direct communication betweenthe redox centerof oxido-

reductases andan electrode (1), and normally this is only possible in the presence of a promotor

subtance providing a favourable orientation of donor and acceptor(2). In any other cases, natural

orartificial mediators are needed for the hydrogenor electron transport, and these mediators

perform their task by shuttling between enzymeandelectrode. Hence,in addition to diffusion

procedures between the external solution and the electrode compartment, internal diffusion pro-

cesses and mediator recycling influence the responseof the electrode. In order to preventthat
 



 

 

98 H.-L. Schmidt etal.

these internal processes becomelimiting for the signal generation, short diffusion distances and

high local mediator concentrations are needed.Forthe limitation of the diffusion distances small

electrode chambers and thin enzyme layers are necessary, however, these have for conse-

quence a decreaseofthelinear response range. High local mediator concentrations can only be

realized with low-molecular weight compounds,yet these leak from the electrode chamber,limi-

ting the electrode'slife time and intoxicating the analyte medium.

Most oxidoreductase electrodes described so far therefore are based on the adsorption of the

mediator onto the conducting surface oron its addition to the external medium. Hence they can-

not be used for continuous monitoring of biological samples, and in the case of dehydrogenases

consume large amounts of coenzymes.

Wehavetried to conceive compact dehydrogenase electrodes starting by physically entrapping

enzymes with polyethylene (PEG)-bound NAD+in an electrode compartment, but got disap-

pointing results originating from the slowdiffusion of this high-molecular weight coenzyme deri-

vate (3). Nevertheless with ferrocene, bound to low-molecular (M = 3000) PEG, and glucose

oxidase (GOD) non-leaking glucose sensors could be designed, which are quite satisfactory but

still suffer from rather long response characteristics (unpublished).

In pursuit of our aim we nowreport new proposals and attempts to realize compact dehydro-

genase electrodes with internal coenzyme and mediator recycling. A first approach would be to

produce small layers of covalently bound enzymes on conducting surfaces, and to bind subse-

quently mediators in their neighbourship to the electrode. Another approach is to start by firstly

binding the mediatorsto the electrode and then coat them with an enzyme layer. Finally, one

could try to bind the mediators directly to the enzymes and entrap the complex within a con-

ducting network as electrode. Attempts and partial steps to realize these different possibilities

have been compiled in this contribution.

2. Results and Discussion:

2.1. Covalent binding and entrapment of oxidoreductases

Thedirect binding of an oxidoreductase to an electrode- or FET-material in a thin layer is a pre-

requisite forits efficient and fast communication with this transducer (4). An orientated binding

and the coimmobilization with a mediator would be ideal, however should be realized in a second

stage. Platinum, SiO2-samples with different hydrophily, and SigN4 were investigated as

supporting materials, mainly with regard to the application of these materials on the surface of

semiconductor devices. Graphite, glassy carbon, and polypyrrole were used as materials which

can easily be functionalized. In most cases GOD wasusedastest enzyme, and the result was

compared with respect to the bound enzymeactivity,its stability, and the responsetimeof the

electrode.

Thefunctionalization of Pt started with its electrochemical oxidation at 1.9 V, and the OH-groups

obtained were derivatized bysilanization. In addition to the frequently recommended aminopro-

pyltriethoxisilane (APTES) (5) we used cyanopropyldimethylchlorosilane (CPDMCS)andits re-

duction, because we expectedto attain a higheryield of surface-bound amino groups and a

better stabilization of the Pt/Si-bonds against hydrolysis. The silanized surfaces were exposed to
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aqueous media,andit could be shown byellipsometry: that the CPDMCS-layerwas by far more
stable (a 4 h exposition in phosphate buffer PH 7.0 had for consequence

a

loss of 12 % of the
silane layer, while with APTES as spacer a decrease of 30 % was observed). The binding of
glutardialdehyde-activated GODtothesilanized surface was as presentedin Fig. 1. A significant
increase of the (photometrically measured) immobilized enzymeactivity and the long-term
Stability was observed after CPDMCS-functionalization as compared to APTES-functionalization
(Fig.2). With a potentiometric glucose electrode based on this immobilization procedure the
response time observed was 10 - 30s for 0.1 to 15 mM glucosesolution.

CH, 1. + LIAIH,
oO. 0-81 (CH,) ,-CN 2. +08,O-SIHCH,NH, 17 CH,“ + CHO-(CH,) —CH=N

+ RN=C=NR +

a CHs\
!Ces

O-SI~(CH,)s-NH -CS—NHo
CH-(CH, )g-CH=N CHs

Fig. 1: Covalent binding of GODto oxidized Pt after silanization by means of APTES (left)
respectively CPDMCS (right).
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Fig. 2: Long term stability of immobilized GOD-activity in dependence from the immobilization
procedure (+ - + APTES, x - x CPDMCS) as comparedto thatof the enzymein solution (right
scale).

* Wethank Dr. H.E. Gaub,Lehrstuhl für Biophysik, Physik Department, TU Münchenforthe performance of these measurements.
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Graphite was functionalized by electrochemical oxidation in presence of dichromate. The forma-
tion of carboxyl and carbonyl-groups at the surface was proved by ESCA. GOD was bound by

means of carbodiimide condensation. The electrodes obtained had a response time of 10 s, and

5,000 glucose measurements were possible with a decrease of activity of about 20 % (6) (Fig.3).
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Fig. 3: Continuous measurementof glucose with a graphite/GODelectrode (600 mV vs. SCE;
one measurement every 5 min)

PQQ glucose-dehydrogenase (GDH(PQQ))is independent from O2 and NAD+,andit can be
obtained with a specific acitivity 30-fold higher than that of GOD*(7). The enzyme could be
bound to graphite activated by mechanical and ultrasonic treatment by carbodiimide condensa-
tion with high activity. With 1 mM dichlorophenolindophenol (DCPIP) as a mediatorin solution,
glucose could be measured amperometrically at a working potential of 100 mV vs. Ag/AgCl. The
response timeof the electrode was 45 s (steady state), and the linear response was only in the
1-2 mM-range (Fig.4). Within 4 weeks the response decreased by 50 %, whenthe electrode was

kept at 4 OC between the measurements.

It could be expected that with polypyrrole as supporting material, a by far higherdensity of func-
tional groups for the binding of proteins should be attained. The electropolymerization of pyrrole
on different materials and its functionalization has been described previously. We have also
succeeded in binding GOD covalently to aminopolypyrrole by carbodiimide condensation (8). The
responsetimeto attain the steady-state current with these electrodes was about 10 s,the stabi-
lity was about 4 weeksof continuous operation (3,000 glucose measurements).
For comparison,polypyrrole electrodes with entrapped GDH(PQQ)wereprepared. Theydid not
respond to the substrate in the absence of a mediator. Only with DCPIP dissolved in the analyte
solution a signal could be obtained (Fig.5).

* Wethank Prof. Dr. H. Duine from the University of Delft, The Netherlands, for a gift ofthis enzyme.
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Fig. 4: Response of an amperometric electrode with GDH(PQQ) covalenty bound to mechanicallyactivated graphite. In solution 1 mM DCPIP.
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Fig. 5: Response curve of GDH(PQQ)entrappedin Polypyrrole to glucose. 0.1 mM DCPIPinsolution.

The response decreasedwith higher glucose concentrations. This provesthat the enzymere-actionis really involved, because this behavior must be due to the competitive inhibition of me-diator and substrate, as can be expected for an enzyme Catalysis following a ping pong mecha-nism.
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2.2. Functionalization of electrode surfaces with catalytical compounds
The second way to approach dehydrogenase electrodes would be to have mediating groups on
the conducting surface before the enzyme immobilization. It has been recently reported by
Foulds and Lowe (9)that a direct electron transfer was possible from GODentrapped within a
ferrocene-modified polypyrrole via the covalently bound mediator to the electrode in the absence
of oxygen. Electrodes prepared by us through the entrapment of GODin non-functinonalized
polypyrrole did in fact not show any responseto glucosein the absence of the natural acceptor
O2. From own results and from results reportedin theliterature (10) it could be concluded that in
polypyrrole electrodes the enzymatically produced H209is notoxidized at the polymerbut has to
migrate through the conducting polymerfilm to be oxidized at the underlying Pt-surface. Ob-
viously, the overvoltageof oxidation processesat the conducting polymerfilm is higher than that
at the Pt surface. Thus, mediating groups,in analogy to the above mentioned work of Foulds and
Lowe, haveto be boundto the polymerfilm on the electrode surface close to the bound or
entrapped enzyme.In the ideal electrode this enzyme should evenbe orientated towards the
functionalized surface. Electrodes with PQQ-dehydrogenases would have the advantage to de-
pendonly on a mediator and not on an additional coenzyme. As GDH(PQQ)uses ubiquinone as
natural electron acceptor, we synthesized polypyrrole with integrated quinone functionalities by
copolymerization of chloranil-substituted pyrrole and Pyrrole (11). However, this polymerizationis
so far only possible in organic solvents, and the entrapmentof the enzymecould not yet be
realized. The transfer of the process to aqueous mediumis in progress.
The chloranil-modified polypyrrole, however, provedto be an excellent catalyst for the oxidation
of NADH.In comparisonto earlier used graphite electrodes with adsorbed phenoxazine derivati-
ves (12) the electrocatalytic acitivity of these devices was higher and more stable. The chloranil-
polypyrrole electrodes were integrated in FIA-systemswith immobilized dehydrogenases, and
NADHfrom the dehydrogenation oflactate respectively glucose could be determined. By gel
entrapmentof lactate dehydrogenase on top of such an electrode, even an enzymeelectrode
was realized, however,its function wasstill dependenton external free NAD+.
Future developments aim onbinding of the mediators or coenzymes through conducting spacers
(molecular wires) to the functionalized surface. We originally intended to realize this with PQQ
and then to reestablish the GDH-holoenzymebyaddition of the apoenzyme.This affinant binding
of the apoenzyme would also imply the possibility to replace the protein after denaturation.
However, any modification or substitution of PQQ leads to an enzymatically inactive derivative
(13), and therefore the principle was not investigated with GDHbut is actually transferred to
NAD+-depending enzymes.

The computer-modelling of the active sites of NAD+-depending dehydrogenases andofthe
conformation of NAD+ within thesesites (Fig.6) led to the concept of molecules bearingtheni-
cotinamide moiety on one side and an electron-conducting part on the other. We have now
Started to synthezise such compoundsandto testtheir behavior as potential competitive inhibi-
tors for NAD+,with the aim to finally bind them to conducting supports.
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Fig. 6: NAD+ and a "molecular wire" with identic space requirement, as derived from molecular
modelling.

2.3. Mediator-modified enzymes
Much progress has beenobtained with the third conceptfor the realization of compact oxidore-ductase electrodes.In cooperation with Adam Heller's groupin Austin we recently succeededinbinding ferrocenedirectly to GOD through spacersofdifferent length. These were diamines
which we condensed ononeside to the periodate-oxidized enzyme, onthe otherside to ferro-
cene Carbaldehyde (14). The enzyme-mediator complexes were highly active in the transfer of
electrons from glucose to electrode surfaces, and as we could show,this was, depending on the
spacerlength,an intra- respectively intermolecular process.
Forthe preparation of a corresponding dehydrogenase-coenzyme complex, aminoethyl-NAD+was connected to lactate dehydrogenase through PEG-3,300 according to the following scheme
(Fig.7).
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In contradistinction to earlier work (15,16), the length of the PEG-spacer had been deduced via

computer models of the enzyme,taking into account the numberand distribution of amino groups

oflysine at its surface. 9% of the applied PEG-NAD+ could be bound, and about 6 coenzyme

molecules werefixed per enzyme molecule. The preserved catalytic activity with lactate was 18

% of that of the homogeneous dissolved system.This is very satisfactory,if one takes into

account that with free PEG-substituted coenzyme 29 % ofthe relative activity were attained.

o
X pH 9HN-PEG—NH,+ Mi ones HOOC-CH,CHz-CO-NH-PEG -NH-CO—CH,CH,-COOH

(HOOC-PEG-COOH)
O

HOOC-PEG-COOH + H,N-CH,CHsNAD HOOC-PEG-CO-NH-CHZCHzNADip

EDC pH 4.7

(HOOC-PEG-NAD)

CO-PEG-NAD

HOOC-PEG-NAD + Lactat-DH —EDC_pH 4.7 NAD-PEG-CO

CO-PEG-NAD

NAD-PEG-CO

Fig. 7: Reaction sequence for the preparation of enzyme-bound NAD+ (EDC = N-(3-dimethyi-

aminopropyl)-N'-ethyicarbodiimide).

3. Conclusions

The contradictory task to immobilize mediators and coenzymesin a diffusible way together with
an enzymewithin an electrode chamber seemsto be soluble by binding these substances

through molecular wires to the enzyme and/or the transducing electrode, using molecular mode-

ling for optimum conception and adaption of the individual system in question. The most

promising supports for covalent binding seem to be functionalized conducting polymers.
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