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The electrochemical oxidation of the adenine moiety in
NAD™ and other adenine nucleotides at carbon paste
electrodes gives rise to redox-active products which
strongly adsorb on the electrode surface. Carbon paste
electrodes modified with the oxidation products of NAD*
show excellent electrocatalytic activity toward NADH
oxidation, reducing its overpotential by about 400 mV.
The rate constant for the catalytic oxidation of NADH,
determined by rotating disk electrode measurements and
extrapolation to zero concentration of NADH, was found
to be 2.5 x 10°% M1 s71, The catalytic oxidation current
allows the amperometric detection of NADH at an applied
potential of +50 mV (Ag/AgCl) with a detection limit of
4.0 x 1077 M and linear response up to 1.0 x 107> M
NADH. These modified electrodes can be used as am-
perometric transducers in the design of biosensors based
on coupled dehydrogenase enzymes and, in fact, we have
designed an amperometric biosensor for glycerol based
on the glycerol dehydrogenase (GIDH) system. The en-
zyme GIDH and its cofactor NAD* were co-immobilized
in a carbon paste electrode using an electropolymerized
layer of nonconducting poly(o-phenylenediamine) (PPD).
After partial oxidation of the immobilized NAD™, the
modified electrode allows the amperometric detection of
the NADH enzymatically obtained at applied potential
above 0V (Ag/AgCl). The resulting biosensor shows a fast
and linear response to glycerol within the concentration
range of 1.0 x 1076-1.0 x 10~* M with a detection limit
of 4.3 x 107 M. The amperometric response remains
stable for at least 3 days. The biosensor was applied to
the determination of glycerol in a plant-extract syrup, with
results in good agreement with those for the standard
spectrophotometric method.

It is well-known that the adenine derivatives, nicotinamide
adenine dinucleotide (NAD™) and its reduced form, dihydronico-
tinamide adenine dinucleotide (NADH), are the key central charge
carriers in living cells. NAD* is a ubiquitous cofactor, used by
more than 300 dehydrogenase enzymes. In this molecule, the
nicotinamide ring is the site of the reversible redox process. It
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accepts two electrons and a proton from a substrate (SH,) in the
presence of a suitable enzyme (E) to form NADH, the oxidized
form of the substrate (S), and a proton, in the general enzymatic
reaction (1).

SH, + NAD" =S + NADH + H* @

The NADH enzymatically produced can be electrochemically
monitored through its reoxidation to NAD*. In consequence, a
considerable amount of analytical research in the past decades
has been concerned with the electrochemistry of the NAD*/
NADH redox couple at conventional electrode materials. At anodic
potentials higher than 0.4 V (Ag/AgCl) on carbon paste electrodes,
the nicotinamide ring of the NADH undergoes a two-electron
oxidation in aqueous solution to produce NAD*. Although the
reversible formal potential for the couple NAD*/NADH is —0.32
(NHE)! at pH 7, high applied potentials are required to achieve
an appreciable electron-transfer rate owing to the slow heteroge-
neous kinetics at unmodified metal and carbon surfaces.?® The
adsorption of NAD* and the occurrence of uncontrolled side
reactions (due to the ECE mechanism of NADH oxidation) may
also cause important interferences.*S

A way to decrease the high overpotentials and minimize the
side reactions is to use an appropriate mediator that can improve
electron-transfer kinetics. In this way, much effort has been
dedicated in the last few decades to identifying materials which
can effectively overcome the kinetic barriers for the electrochemi-
cal regeneration of NAD™. Therefore, there is a great deal of
interest in the development of new materials or new immobiliza-
tion strategies for already known electron-transfer mediators as
is shown by the number of publications about the subject.t-3%
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Thus, the most recent efforts to prepare modified electrodes that
show electrocatalytic activity toward NADH oxidation have focused
on the use of electropolymerized films as new materials, either
redox polymers such as poly (3,4-dihydroxybenzaldehyde),5=° poly
(azure 1),% poly(nile blue A),"* poly(methylene blue),*? and poly-
(methylene green)® or conducting polymers such as poly(o-
aminophenol),* poly(o-phenylenediamine),’* and poly(aniline).1
Electrodes modified with electrogenerated!® or dip-coated’18
polymers containing inorganic metal complexes have also been
described. Among the best-known structures, which can be active
in the electrocatalytic oxidation of NADH are found o-quino-
nes,’*22L p-quinones, and phenothiazine®=% and phenoxazine®-2
derivatives. Recent work has been mostly focused on new
immobilization strategies such as dip-coated ion-exchanger poly-
mers loaded with catalysts such as toluidine blue 0% and meldola
blue,? inclusion in self-assembled monolayers on platinum® and
gold20242 electrodes, or inclusion in composite?® and sol—gel?®
electrodes. Structural effects of the electrode on the electroca-
talysis have also been recognized, and a decrease in the overpo-
tential needed for NADH oxidation can be achieved by using
single-crystal® or thick-film® gold electrodes or by electrochemical
activation of carbon fiber electrode surfaces.®?® In addition,
enzymatic regeneration of NAD* has been described using
different schemes such as diaphorase,® lipoamide dehydroge-
nase,® or tyrosinase and salicylate hydroxylase.® Recent reviews
of work in this area can be found®”%® in the literature.
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During the development of different biosensors for substrates
of dehydrogenase enzymes, we have recently found that NAD*
modified carbon paste electrodes show highly enhanced responses
to the corresponding enzymatic substrate after anodic polarization
at potentials above 1.2 V. The investigation of this effect allowed
us to find a new approach for the electrocatalytic oxidation of
NADH. After the electrochemical oxidation of the adenine moiety
in NAD™ molecules at potentials above 1.2 V(Ag/AgCl) in alkaline
solutions, an oxidation product is obtained which shows high
electrocatalytic activity for NADH oxidation, decreasing the
oxidation overpotential by about 400 mV. In the present work,
this new electrocatalytic system is described. In addition, we
demonstrate the possibility of coupling the new electrocatalytic
system to the reaction catalyzed by dehydrogenase enzymes, by
using immobilized glycerol dehydrogenase for the preparation of
a glycerol biosensor.

The determination of glycerol constitutes an important test in
different fields such as clinical diagnosis and the pharmaceutical
and food industries. Therefore, a rapid, and at the same time
economical, method is desired for its measurement in a variety
of samples. Several enzymatic sensors, preferentially based on
dehydrogenase enzymes, have been developed for the measure-
ment of glycerol. In these methods, glycerol is quantitatively
related to the enzymatically produced NADH which can be
monitored spectrophotometrically,* fluorimetrically,® or electro-
chemically either directly* or using an electron-transfer media-
tor.#2%3 One important advantage of the enzymatic systems
employing electrochemical detection schemes is that no interfer-
ence from absorbent species and turbidity is usually observed.
In this context, we report on the development of a very simple
amperometric glycerol sensor in which NAD" acts not only as
cofactor of the dehydrogenase enzyme but also as precursor of
the NADH electrocatalytic system. The feasibility of this approach
was demonstrated by its application to the determination of
glycerol in a plant-extract syrup.

EXPERIMENTAL SECTION

Reagents and Materials. The enzyme glycerol dehydroge-
nase (GIDH) (E. C. 1.1.1.6) from Cellulomonas sp. (65 units per
milligram of protein), the cofactor nicotinamide adenine dinucle-
otide (reduced, NADH, and oxidized, NAD*, forms), adenosine,
adenosine monophosphate (AMP), adenosine diphosphate (ADP),
adenosine triphosphate (ATP), 2,8-dihydroxyadenine (DHA), para-
banic acid, alloxan, allantoin, glycerol, 9-ethyladenine, 6-dimethyl-
aminopurineriboside, 6-benzylaminopurineriboside, 6-dimethyl-
aminopurine, and 6-benzylaminopurine were purchased from
Sigma (Spain). The monomer o-phenylenediamine and the silicone
high vacuum grease were obtained from Merck (Spain). Spec-
troscopic-grade graphite powder was obtained from Dicoex
(Bilbao, Spain). The glycerol test kit used for the determination
of this compound in a pharmacological product was purchased
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from Boehringer-Mannheim (Spain). Other chemicals employed
were of analytical grade. All solutions were prepared with water
purified with a Milli-Q (Millipore) system.

Biosensor Preparation. Unmodified carbon paste was pre-
pared by thoroughly mixing 1 g of spectroscopic-grade graphite
powder and 0.323 g of silicone grease. The 7% GIDH-10% NAD™-
modified carbon paste was prepared by mixing the unmodified
carbon paste with the corresponding proportions of the lyophilized
enzyme preparation (GIDH) and the cofactor (NAD™). A portion
of the resulting paste was then packed firmly into the working-
electrode cavity. The electrode surface was smoothed on a paper
over a glass surface and then covered with a PPD film obtained
by potential scan electropolymerization in aqueous solution. In
the electropolymerization step, the electrode potential was cycled
between —0.5 and +0.7 V (Ag/AgCl) at 50 mV s~! in an oxygen-
free phosphate solution pH 10 containing 5 x 107 M o-
phenylenediamine under nitrogen atmosphere. These PPD-
modified electrodes were thoroughly rinsed with phosphate
solution and submitted to an oxidative pretreatment in order to
generate the NADH electrocatalytic system. The pretreatment
consisted of the application of a double potential step from +0.15
to +1.25V with a pulse width of 60 s. The electrodes thus prepared
were used for the amperometric measurement of glycerol in a
phosphate background solution of pH 10.

Apparatus. Voltammetric and chronoamperometric studies of
NAD™ oxidation were performed using an Autolab Electrochemical
analyzer (Eco Chemie B. V., Utrecht, The Netherlands). Rotating
disk electrode measurements were carried out with a 663 VA stand
system (Metrohm) using a carbon paste electrode of 4 mm in
diameter. A Metrohm VA detector was used as an amperometric
detector, and its output was recorded using a Metrohm E-586
Labograph stripchart recorder.

All the measurements were made using a conventional three
electrode system. A modified carbon paste electrode acted as the
working electrode and a platinum wire as the counter electrode.
All potentials were referred to a silver/silver chloride/saturated
potassium chloride electrode. The static working electrode was
constructed with a Teflon body, a stainless steel contact, and a
disk-shaped active surface 3.18 mm in diameter. A Shimazu UV-
1203 spectrophotometer was used for spectrophotometric mea-
surements. Synchronous fluorescence spectra were recorded
using a Perkin-Elmer LS-50B fluorescence spectrometer. IR
spectra of the lyophilized desorption products were recorded as
KBr pellets using a Perkin-Elmer Paragon 100 spectrometer and
fast atom bombardment (FAB) mass spectra were recorded on a
VG-AutoSpecE instrument using nitrobenzyl alcohol as the matrix.

Analytical Procedure. The biosensor, prepared as described
above, was used for the determination of glycerol in a pharma-
ceutical product. The accuracy of the biosensor was evaluated by
comparing it to standard enzymatic methods using the Boehringer
test kit.

One milliliter of the sample was diluted to 250 mL with water.
Amperometric measurements were carried out with the biosensor
placed in 20 mL of a stirred pH 10 phosphate solution at an applied
potential of +0.15 V. When the background current had decayed
to a steady-state value, an aliquot (typically 250 L) of the diluted
sample solution was injected and the steady-state current was
recorded. After that, four different aliquots (50 uL) of a glycerol
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Figure 1. Cyclic voltammograms obtained with an unmodified
carbon paste electrode in a 0.1 M phosphate solution pH 10,
containing NAD*™ 5 x 10~4 M. Dotted line: first potential scan. Solid
line: second scan. Scan rate: 50 mV s~ 1.

stock solution (1 x 1072 M) were injected into the electrochemical
cell, and a new steady-state current was reached with each
addition. The results thus obtained were used to construct a
standard-addition graph and to calculate the glycerol concentration
in the sample. The spectrophotometric measurements were
basically conducted according to the procedure outlined by the
enzymatic kit supplier.

RESULTS AND DISCUSSION

Electrocatalysis of NADH Oxidation at Carbon Paste
Electrodes Modified by Adsorbed NAD* Oxidation Products.
A considerable amount of research about the electrochemistry of
the NAD*/NADH redox couple has been carried out owing to its
role as charge carrier in the living cells. These studies are mainly
concerned with the oxidation (NADH) or reduction (NAD™) of
the nicotinamide ring of the molecule. Thus, while the basic
reduction of NAD™ has been extensively studied,* the electro-
chemical oxidation of the adenine moiety in NAD* has, to our
knowledge, not been considered. We have found that NAD™ in
alkaline solutions (phosphate buffer pH 10) is oxidized on carbon
paste electrodes at high potentials, as is shown in Figure 1, peak
l.. This process is due to the oxidation of the adenine moiety in
the NAD™ molecule as is indicated by the close agreement
between the obtained oxidation peak (E, = 1.2 V (Ag/AgCl)) and
that previously described for the oxidation of adenosine at carbon
electrodes.®> One of the oxidation products forms a reversible
system at potentials close to 0 V (Figure 1, process I1./1l;), only
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Figure 2. Cyclic voltammograms obtained with a carbon paste
electrode after five potential scans in a phosphate solution pH 10,
(A) without and (B) with NAD* 5 x 10~* M. Dotted line: Background.
Solid line: NADH 5.0 x 107* M. Scan rate: 50 mV s .

observed when the first anodic scan was performed beyond the
oxidation process l,. This oxidation product is strongly adsorbed
on the electrode surface as shown in Figure 2B (dashed line)
which presents the voltammograms obtained when the same
electrode is subsequently removed from the cell, rinsed with
water, and placed in a fresh buffer solution without NAD". The
wave shape is that expected for a surface-immobilized redox
couple with a small AE; value (24 mV at 50 mV s~1). In addition,
the anodic and cathodic peak currents of the reversible system
obtained after NAD™ oxidation are directly proportional to the scan
rate for sweep rates between 2 and 500 mV s, which confirms
the adsorption nature of the process.

The process giving rise to the anodic peak |, was studied in
solutions of pH varying from 5 to 12. The adsorbed couple 11./11;
observed after the oxidation of NAD™, appears, independently of
the pH of the background electrolyte used for the oxidation of
NAD, in the pH range between 5 and 11. At pH above 11 no
reversible system was observed after oxidation of NAD™ at high
potentials. The formal potential of the surface redox couple was
pH dependent, with a slope of 59 mV /pH unit (E* = 0.542—

0.059 pH, r =0.9993, n = 7) in the pH range 5—11, which agrees
with the anticipated Nernstian value for a two-electron two-proton
process.

Surface coverage for NAD™ oxidation products was determined
from the integrated charge under the cathodic wave, assuming a
two-electron process (see below). The electrochemically active
surface for a carbon paste electrode 3.18 mm in diameter was
estimated to be 0.084 cm? by chronocoulometric measurements.
Surface coverage between 2 x 1072 and 2 x 1072 mol cm~2 can
be obtained at pH 10 by varying NAD* concentration and the
number of potential scan cycles applied during the electrode-
modification step. In addition, there were no significant changes
in the surface coverage over pH values from 8 to 10. For pH values
above 10 and below 8, a significant decrease in the surface
coverage was observed for a given electrolysis time and NAD™*
concentration. On the basis of these results, all further studies
were made at pH 10.

The carbon paste electrode modified with one of the NAD™*
oxidation products shows catalytic activity for NADH oxidation
as is demonstrated in Figure 2B (solid line). When cyclic
voltammograms for the modified carbon paste electrode were
obtained in the presence of NADH (0.5 mM) an enhancement in
the oxidation current at ~0 V (Ag/AgCl) and a decrease in the
cathodic wave were observed. This behavior is consistent with a
very strong electrocatalytic effect. The magnitude of the catalytic
current was proportional to the concentration of NADH in the
solution. It has been described in the literature that the polariza-
tion of carbon paste electrodes at high potentials leads to
o-quinone groups which catalyze the NADH oxidation.*s To rule
out this possibility, the cyclic voltammetric responses of unmodi-
fied carbon paste electrodes to 0.5 mM NADH were recorded after
five cyclic potential scans between —0.2 and 1.4 V at 50 mV s™*
were applied to the electrode in phosphate solution pH 10. Results
are presented in Figure 2A. As can be observed, no catalytic
current for NADH oxidation is obtained and NADH is oxidized
at 0.45 V at this activated but unmodified carbon paste electrode.
These results exclude any significant contribution of surface
quinone groups generated during the potential scan until 1.40 V
in the observed catalytic current. Compared with the direct
oxidation of NADH at a bare carbon paste electrode, even if
subjected to an oxidative pretreatment, the electrode modified with
NADT oxidation products diminishes the overpotential needed for
NADH oxidation by more than 400 mV.

To identify the products of NAD™ oxidation responsible for
the electrocatalytic oxidation of NADH, FT-IR and mass spec-
trometry studies were attempted. Adsorbed products, obtained
after repeated electrooxidation by cyclic voltammetry between
—0.2 and +1.4 V of NAD™, 1072 M, at pH 10 on several carbon
electrodes, were desorbed in an ethanol—water (1:1) solution. This
solution was then lyophilized and the solid products used for
characterization by FT-IR and mass spectrometry. Unfortunately,
it was not possible to obtain relevant information from these
techniques, because an insufficient amount of product could be
isolated from the electrode surface.

Dryhurst et al. studied the electrochemical oxidation of adenine
at graphite electrodes and proposed a mechanism*47 which was

(46) Blaedel, W. J.; Jenkis, R. A. Anal. Chem. 1975, 47, 1337.
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Figure 3. Cyclic voltammogram obtained with an unmodified
graphite electrode in a 0.1 M phosphate solution pH 10, containing
2,8-DHA 5 x 1074 M and Triton X-100 0.01%. Dotted line: without
NADH. Solid line: with NADH 2 x 10~* M. Scan rate: 50 mV s='.

further confirmed by Goyal et al.®® These studies reveal that
adenine is electrochemically oxidized in two sequential 2e~/2 H*
reactions to obtain 2,8-dihydroxyadenine, which rapidly oxidizes
to give a molecule with a quinone-diimine structure. This diimine
can only be detected by fast-sweep voltammetry and will be readily
attacked by water to give finally alloxan, parabanic acid, or
allantoin as major products. As far as we know no similar study
of the oxidation of adenine nucleotides has been made.

As the NADH catalyst described is only obtained after the
oxidation of the adenine moiety in the NAD™ molecule, it seems
reasonable to suppose an oxidation mechanism similar to that
described for adenine, in such a way that some of the oxidation
products could act as an NADH catalytic structure. We have
verified that neither parabanic acid nor alloxan or allantoin can
act as electrocatalyst for NADH oxidation. This means that from
the different oxidation products only the quinone-diimine structure
could act as an NADH catalyst. In fact, studies of the electro-
chemical and electrocatalytic behavior of 2,8-dihydroxyadenine
were carried out in pH 10 buffered solutions containing DHA, 5
x 107 M, and Triton X 100, 0.01%, in order to increase the limited
solubility of this compound. In cyclic voltammetry, as is shown
in Figure 3, a well-defined oxidation peak is obtained with a peak
potential of 0.12 V at pH 10. This peak was accompanied on the
reverse scan by a cathodic peak at 0.047 V. As was previously
reported,* the anodic process corresponds to the oxidation of 2,8-
DHA to the corresponding diimine. This species undergoes a fast
chemical reaction which competes with the reduction in the
reverse scan. Upon addition of NADH, 2 x 1074 M, there was an
enhancement of the measured anodic peak current. This means
that, despite the short life of the diimine obtained, this species
can oxidize NADH acting as catalyst for NADH oxidation.

A similar electrochemical and electrocatalytic behavior was
observed for the products obtained after the oxidation of other
adenine nucleotides, such as adenosine, adenosine monophos-

(48) Goyal, R. N.; Kumar, A.; Mittal, A. J. Chem. Soc., Perkin Trans. 2 1991,
1369.
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Table 1. Formal Potentials and Surface Coverage (I)
for the NADH Catalyst Obtained after Oxidation on
CPE of the Corresponding Parent Compound in a
Buffer Solution pH 10.0 (Conditions in the Text)

parent compound E®/Va  T'/mol cm—2 ical®/A
AMP —0.062 1.4 x10710 13 x 107t
ADP —0.055 53 x 1071 57 x 1077
ATP —0.056 87 x 10711 97 x 1077
adenosine —0.055 7.5 x 1071 4.8 x 1077
9-ethyladenine —0.065 2.3 x 1071 3.0 x 1077
6-benzylaminopurineriboside —0.033 3.1x1012 90x 1078

6-dimethylaminopurineriboside —0.064 5.6 x 10712 6.0 x 1078

a E%vs. Ag/AgCI at pH 10.0 P The ic values refer to the catalytic
current measured at pH 10 for a NADH concentration 1.0 x 1074 M.

phate, and adenosine triphosphate and, in general, for other N9-
substituted adenine derivatives such as 9-ethyladenine, 6-benzyl-
aminopurineriboside, and 6-dimethylaminopurineriboside. In all
cases, the oxidation of the adenine moiety of the molecule on
carbon paste electrodes occurs at potentials about 1.2 V at pH 10
in 5 x10™* M solutions of the corresponding parent compound.
This process give rises to oxidation products that strongly adsorb
on the electrode surface and act as electrocatalysts for NADH
oxidation. In the cases of 6-dimethylaminopurineriboside and
6-benzylaminopurineriboside, the adsorbed electrocatalytic redox
couple could only be obtained after several potential scans at scan
rates above 7 V s~L. This fact probably indicates that the oxidized
forms of the catalyst derived from such parent compounds are
less stable and can only be stabilized after adsorption on the
electrode surface. Table 1 summarizes the electrochemical
characteristics of the NADH catalyst obtained after oxidation of
different adenine derivatives on carbon paste electrodes and the
catalytic current measured in the same conditions for a 1 x 10~*
M NADH solution. It may be significant that not only adenine
nucleotides but also all the other N-9 substituted adenines assayed
give rise upon oxidation to reversible redox couples with formal
potentials close to 0 V (Ag/AgCl) at pH 10 and catalytic activity
toward NADH oxidation. On the other hand, neither adenine nor
other N9-unsubstituted adenines assayed, like 6-dimethylaminopu-
rine and 6-benzylaminopurine, produces such a catalytic system,
even at the highest scan rate tested.

In addition, studies by synchronous fluorescence spectroscopy,
a method that has been used to identify different organic
compounds,*® provided some additional supporting evidence for
the formation of a 2,8-dihydroxyadenine derivative. Synchronous
fluorescence spectra of water—ethanol (1:1) solutions of 2,8-
dihydroxyadenine, 1 x 10~6 M, and NAD*-oxidation products were
recorded by scanning both monochromators simultaneously (scan
rate 240 nm min~t) at a 30 nm constant difference. The solution
of the NAD* oxidation product was obtained after desorption in
5 mL of ethanol—water (1:1), during 30 min, of the products
adsorbed on seven different carbon electrodes by six continuous
potential scans between —0.2 and +1.4 V in 0.1 M phosphate
solution pH 10 containing NAD™, 102 M. The synchronous
spectra obtained for both 2,8-dihydroxyadenine and the collected
NAD™ oxidation products show a clearly defined peak of maximum
intensity at A = 379 and 383 nm, respectively.

(49) Warner, 1. M.; Soper, S. A;; McGown, L. B. Anal. Chem. 1996, 68, 73R.
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From the obtained results and by analogy with earlier inves-
tigations on purine oxidation, we propose for the electrochemical
oxidation of NAD™ a mechanism (Scheme 1) similar to that
previously described by Dryhurst et al.*##" for the oxidation of
adenine. The oxidation of the adenine moiety in NAD™ proceeds
by two sequential two-electron, two-proton oxidation steps to give
the 2-hydroxyadeninedinucleotide (I1) and the 2,8-dihydroxyade-
ninedinucleotide (I11). Further removal by a two-electron, two-
proton oxidation step results in the formation of the corresponding
quinone-diimine (1V) stabilized by adsorption on the electrode
surface. Peak Il (Figure 1) could therefore be due to the
reversible reduction of the quinone-diimine back to 2,8-dihydroxy-
adeninedinucleotide. The electrocatalytic oxidation of NADH,
obtained with a carbon paste electrode modified by the adsorbed
NAD™ oxidation product, may be ascribed to this quinone-diimine
species since, as is well-known, this kind of structure can act as
a NADH electrocatalyst.

Cyclic voltammetry and rotating disk electrode (RDE) tech-
niques were employed to study the Kinetics of the reaction
between the NAD™ oxidation product and NADH. In the first case,
the rate constant (k) can be obtained according to the method of
Andrieux and Saveant® for an S-shaped electrocatalytic wave
independent of sweep rate by recording the limiting catalytic
current as a function of the NADH concentration. Using modified
electrodes with a mean coverage of 4.2 x 10712 mol cm™2, an
S-shaped electrocatalytic wave was obtained. In addition, there
was no detectable change in the limiting current obtained for a
NADH concentration of 5 x 107* M at different scan rates,
between 2 and 500 mV s The limiting current for NADH
oxidation at 25 °C increases linearly with increasing concentration

(50) Andrieux, C. P.; Saveant, J. M. J. Electroanal. Chem. 1978, 93, 163.
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Figure 4. Cyclic voltammograms obtained with a carbon paste
electrode modified by cyclic potential scan between —0.2 and +1.2
V (2 scans) in a background electrolyte containing NAD* 1073 M.
Background electrolyte: 0.1 M phosphate solution pH 10. Dotted
line: without NADH. Solid line: with NADH (a) 2.44 x 10* M, (b)
4.76 x 107* M and (c) 9.1 x 10~* M. Scan rate: 50 mV s~'.

of the cofactor between 1.0 x 107 M and 5.0 x 1072 M, as can
be observed in Figure 4. From the slope of the corresponding
linear plot, an average rate constant of (1.3 + 0.2) x 10 M~1s7!
was calculated.

As for RDE measurements, the rate constant can be evaluated
from the dependence of the limiting catalytic current (i),
measured at 0.15 V for several NADH concentrations, on the rate
of the rotation (w) by using the Koutecky-Levich equation. A linear
dependence between 1/i., and 1/w'2 was obtained for modified
electrodes with a mean coverage of 3.7 x 1071 mol cm=2 and for
NADH concentrations between 4.2 x 107%and 5.0 x 104 M. From
the intercept of the Koutecky-Levich plots obtained for NADH
concentration between 1 x 10~* and 5.0 x 104 M, a mean value
of (1.5 + 0.3) x 10* M1 st was found for the kinetic constant.
This value is close to that determined from cyclic voltammetric
measurements and similar to that obtained for the reaction
between NADH and other previously described mediators.3” At
NADH concentrations below 1.0 x 1074 M, the value of k, obtained
using the RDE method, increases when the NADH concentration
decreases. In this concentration range, a plot of the reciprocal of
the reaction rate (1/k) versus NADH concentration results in a
straight line. This behavior is typical of a catalyzed reaction that
proceeds via an intermediate complex following a reaction scheme
similar to that of Michaelis-Menten, according to the model
proposed by Gorton et al.>* From the slope and the intercept of
this plot, the values of the apparent Michaelis-Menten constant,
Kwu, and the rate constant for the complex dissociation reaction,
ko, can be evaluated. A Ky of 0.01 mM and a k, of 2.9 s! were
obtained. To compare the value of the rate constant for the overall
reaction to those previously reported for the NADH oxidation by
other mediators, this constant was evaluated at zero reactant
concentration. A constant ke o of 2.5 x 10° M~ s~1 was obtained
when the plot 1/k versus NADH concentration was extrapolated
to zero.

Modified carbon paste electrodes, prepared by subjecting
unmodified carbon paste electrodes to five cyclic potential scans
between —0.3 and 1.4 V in a phosphate buffer pH 10 solution
containing NAD™ 5 x 104 M, were used for the amperometric

(51) Gorton, L.; Torstensson, A.; Jaegfeldt, H.; Johansson, G. J. Electroanal. Chem.
1984, 161, 103.
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detection of NADH. The amperometric response of this kind of
modified carbon paste electrode to increasing concentrations of
NADH was investigated using static working electrodes in
magnetically stirred solutions at an applied potential of +50 mV.
A linear response to the reduced cofactor concentration between
1.0 x 1075 and 1.0 x 1075 M was found (i/nA = 0.215 + 4.79 x
105 [NADH]/M; r = 0.9991; n = 7) with a detection limit,
estimated from the peak to-peak noise of the baseline, of 4.0 x
107 M. The time required to obtain a steady-state response was
12 s.

Design of the Glycerol Biosensor. To confirm the usefulness
of the described electrocatalytic system, a glycerol biosensor was
developed. The amperometric biosensor is based on the reaction
sequence outlined in Figure 5. Glycerol dehydrogenase catalyzes
the oxidation of glycerol to dihydroxyacetone in the presence of
nicotinamide adenine dinucleotide (NAD™). The NADH enzymati-
cally produced is amperometrically detected through its reoxida-
tion to NAD* by the catalytic system previously described.

The enzyme glycerol dehydrogenase and the cofactor NAD™
were dispersed into a carbon paste matrix, as described in the
Experimental Section. Since NAD™ has to act not only as cofactor
but also as precursor of the NADH electrocatalytic system, a
cofactor proportion in the carbon paste of 10% was chosen. Since
the response of the system also depends on the amount of the
immobilized enzyme and high biocatalytic activity is needed in
order to guarantee high sensitivity and stability, 7% of the enzyme
was used in all the experiments. Higher proportions of modifiers
cannot be employed, to prevent electrode surface breakup.

The immobilization of enzyme and cofactor dispersed in the
carbon paste is achieved by covering the modified carbon paste
electrode with a nonconducting PPD film, electropolymerized as
described in the Experimental section. Electropolymerization of
o-phenylenediamine on carbon paste electrodes leads to PPD films
with different electrochemical and conducting properties depend-
ing on the electrolysis conditions used for its preparation.'452-5
When the pH of the electropolymerization medium is higher than
7, electroinactive films, used to prevent interference and electrode
fouling, are formed.* In our experimental design, the pH of the
electropolymerization media was 10, so the resulting polymer is
electroinactive and prevents the diffusion of the modifiers to bulk
solution.

The generation of the electrocatalytic system was achieved by
oxidation of a fraction of the immobilized NAD*. This stage was
reached by application of a double potential step. The pulse high
must be such that the NAD™ is oxidized (the end potential must
be higher than +1.2 V) but surface quinone groups are not
generated, as was previously indicated. To optimize this parameter,

(52) Barbero, C.; Silber, J. J.; Sereno, L. J. Electroanal. Chem. 1989, 26, 333.
(53) Oyama, N.; Ohsaka, T. Synth. Met. 1987, 18, 375.
(54) Emr, S. A,; Yacynych, A. M. Electroanalysis, 1995, 7, 913.
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electrodes without modifiers were constructed and covered with
PPD. During the oxidative pretreatment all the double potential
steps start at +0.15 V, and different pulse amplitudes were studied.
It was observed that if the pulse end potential is lower than 1.5 V
no significant amount of o-quinone groups are generated on the
electrode surface and then no appreciable NADH oxidation
currents at low applied potentials are observed. The oxidation
pretreatment selected was the application of a double potential
step to an end potential of 1.25 VV which is enough to oxidize NAD*
and does not generate any significant amount of surface quinone
groups. The effect of pulse widths on the following amperometric
response to NADH and glycerol at an applied potential of +0.15
V was determined. The amperometric response to NADH in-
creases linearly with the pulse width, whereas the amperometric
response to glycerol increases with the time of electrolysis at 1.25
V until 60 s and decreases for wider pulses. This can be due to
the fact that in the biosensor design NAD™ acts not only as
precursor of the NADH electrocatalytic system but also as cofactor
of the enzyme. Since longer pulse widths produce higher amounts
of the electrocatalytic material but also a decrease in the amount
of the enzymatically active cofactor immobilized on the electrode
surface, a compromise between both effects was taken by selecting
electrolysis times no longer than 60 s.

The activity of the immobilized enzyme is strongly influenced
by the pH of the working buffer. A set of different modified
electrodes was prepared and the current obtained for a glycerol
concentration of 1.0 x 10™* M at +0.15 V in phosphate solutions
in the pH range 7—11 was measured. A maximum response was
found at pH 10, whereas at pH 11 a decreased response and an
increased background are obtained. These results are in ac-
cordance with the previously reported optimum pH for this
enzyme in solution.®® It is known that potassium and ammonium
function as activators of the enzyme, whereas sodium acts as an
inhibitor. To control these effects, a phosphate solution containing
30 mM of each ion was used for further measurements.

The effect of the detection potential on the biosensor sensitivity
was examined for applied potentials varying between —100 and
+700 mV and a glycerol concentration of 5.0 x 10™> M. The
hydrodynamic voltammetric curve plotted in Figure 6 shows that
current increases with the applied potential, reaching a plateau
between +50 and +250 mV. At potentials higher than +300 mV,
a new increase of current is observed due to the direct uncatalyzed
oxidation of the NADH enzymatically generated. The potential
selected for further investigations was +150 mV, although am-
perometric signals useful for glycerol detection can be obtained
at applied potentials as low as 0 V.

The amperometric response of the modified carbon paste
electrodes, using the optimum conditions, to increasing concentra-
tions of glycerol in stirred solutions was investigated. Figure 7
shows amperograms of the background electrolyte to which
glycerol has been added stepwise from 1.00 x 1075 to 3.68 x 10~*
M. The increase of the amperometric current corresponding to
398 x 10 M was 0.8 nA. A linear response to glycerol
concentration from 9.97 x 107 to 1.0 x 10~* M was found (i/nA
= 1.62 x 10° [glycerol]/M + 0.47, r = 0.9991, n = 10) with a
detection limit of 4.3 x 1077 M.

(55) White, J. S.; White, D. C. Source book of Enzymes; CRC Press: Boca Raton,
FL, 1997.
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Figure 6. Hydrodynamic voltammogram for a 10% NAD*—7%
GIDH-modified carbon paste electrode covered by PPD and preoxi-
dized. Background electrolyte: 0.1 M phosphate pH 10. Glycerol
concentration: 5.0 x 107% M.
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Figure 7. Current—time recordings obtained with the glycerol
biosensor for successive injections of glycerol (a) 1 x1075 M, (b) 2
x 1075 M, and (c) 1 x 10~* M. Applied potential: 0.15 V. Background
electrolyte: 0.1 M phosphate, pH 10.

Reproducibility between different electrodes, prepared equally
from the same batch of modified carbon paste, was evaluated for
a set of seven electrodes. The mean plateau current obtained for
a glycerol concentration of 8 x 1075 M at an applied potential of
+150 mV was 14.1 nA, with a relative standard deviation of 2.9%.
The response time for 95% of the steady-state current was 75 s.

The useful life of this sensor is at least 3 days. The signal is
steady during 2 days, whereas the third day a decrease of about

20% of the initial response is observed. The modified carbon paste
was stable at least 1 month under storage conditions protected
from moisture and at room temperature. The complete manipula-
tion needed for the construction of the sensor takes no more than
25 min.

Selectivity of the response depends on both enzymatic selectiv-
ity and electrochemical detection. Glycerol dehydrogenase suffers
from lack of selectivity. Moreover, other species that could be
present in the sample may be oxidized at the working electrode
potential. The amperometric response of the proposed biosensor
to different species was investigated, varying their concentrations
from 9.95 x 107> M t0 9.06 x 10~* M. There was no interference
from alanine, glucose, and triethylene glycol. Citric, tartaric, and
malic acids produced amperometric signals at a concentration of
5 x 1075 M lower than 5% of the corresponding one recorded for
glycerol at the same concentration level. Significant interference
was observed for 1,2-ethanediol and 1,2-propanediol (equal signal
to the corresponding one for glycerol) and ascorbic acid (twice
the signal for glycerol).

The biosensor was used for the determination of glycerol in a
plant-extract syrup, as indicated in the Experimental Section. The
diluted samples yield well-defined amperometric responses similar
to those of glycerol standards. A good correlation was found
between the results from the biosensor (0.65 + 0.02 M, n = 10)
and those from the enzymatic spectrophotometric method (0.64+
0.03, n = 3).

CONCLUSIONS
A new electrocatalytic system for NADH oxidation, obtained

after oxidation of NAD™ at potentials above 1.2 V, was found. A
similar system could be obtained after oxidation of other adenine
derivatives such as adenosine, adenosine monophosphate, adeno-
sine diphosphate, and adenosine triphosphate. The oxidation of
the adenine group in these molecules gives rise to products that
strongly adsorb on the electrode surface. Under the operation
conditions, one of the products formed during the adenine
oxidation exhibits a high catalytic activity toward NADH oxidation.
The electrocatalytic response of carbon paste electrodes modified
with these oxidation products shows a linear dependency on the
NADH concentration, with a limit of detection of 0.4 M. The rate
constant of the catalytic process, determined by cyclic and RDE
voltammetry, is comparable with those previously reported for
the faster electron-transfer mediators for NADH oxidation.

The application of the new catalyst described to biosensor
development has been demonstrated by the construction of a very
simple glycerol biosensor in which NAD* acts not only as cofactor
but also as precursor of the electron-transfer mediator for NADH
oxidation. The proposed biosensor allows fast measurement of
glycerol with low cost and rapid preparation, which recommended
it to other practical applications (assay of foods, biological samples,
pharmaceutical products, etc.). It proved to be suitable for the
amperometric detection of glycerol in a plant-extract syrup.
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