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Electrochemical behaviour of NAD"-modified carbon paste electrodes
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The elfects of electrochemical pretreatment time on the electrochemical response of NAD -maodified carbon paste
clectrodes have been analysed. Prolonged pretreatment results in an improvement i the catalysis of NADH oxidation. Fist,
pretreatment produces a remotion of pasting liquid that increases the number of surface sites for NADH oxidation. But this
surface activation reaches a limising value and, at longer pretreatment times. activation is produced by the contribution ol

reduced surface functionalitics. NAD -modified carbon paste electrodes have

also been  fabncated by incorporating

appropriate quantities of NAD" directly into the paste mixture. Analogous o solution-phase NAD', the electrodes
constructed i this manner present true surface active groups and are able to catalvse NADH oxidation. Pretreatment does

not result i aloss ol therr electrocatalyiic propertics,

Introduction

It is well known that the reduced
nicotinamide adenine dinucleotide (NADH). the main
cocnzyme  of  dehydrogenases,  is oxidised
electrochemically only  with  high overvoltages'.
Carbon paste clectrodes modified with NAD™ allow to
decrease  this m-crpnlcnliul: 'The eclectrode  was
prepared by anodic polarisation at potentials ca 1.25
V (SCE) i neutral and muld alkaline  solutions
containing NAD®. The reversible system responsible
for this catalysis was identified as the adenine moicty
ol NAD",

The performance ol carbon paste clectrodes can be
improved by electrochemical — pretreatments™,
Previous work indicates that potentiodynamic cyeling
for activation results i higher catalytic response for
NADH oxidation even with the paraffin-richest
clectrode  composition',  which s the  best
configuration from o practical viewpoint. Cathodic
polarisation also  produces a  catalytic  current
improvement that is independent of the carbon pasie
composition”,

In the present paper an attempt 1s made to improve
the pretreatment  procedure in order o enhance
sensitivity in the  development ol amperometiie
binsensors. It has also been demonstrated that carbon
paste can be used 1o co-immobilise enzyme and
NAD" for the design of biosensors. The NAD™
modified carbon paste electrode has been used as
amperometric  transducer in determinations  of
glycerol' and sorbitol”, Then, the electrode response

form ol

of NAD" incorporated directly into the paste mixture
was charactenised with cyclic voltammetry and this
behaviour was compared to that obtained with NAD'
in solution.

Materiais and Methods

The expenmental  set-up  has  been
previously”. The working clectrode was a piston-like
carbon paste e¢lectrode with u Teflon body and
stainless steel contact. The diameter of the electrode
surface was 3 mm. Curbon pastes were prepared by
hand mixing the graphite (Graphite extrapure. Merck)
and  the  paraffin-oil  (Uvasol.  Merck).  Puste
formulation is expressed in terms of the weight ratio
ol paraffin/graphite. All potentials were measured
against o saturated calomel electrode (SCE) und a
platinum foil was used as counter electrode.

Unless  stated  otherwise,  measurements  were
performed in (.1 M sodium phosphate, pH 10 solution
in a purified nitrogen gas saturated atmosphere, All
chemicals were reagent grade and solutions were
freshly made in twice disulled water. NAD™ und
NADH were  purchased  from  Sigma  Chemicul
Company.

described

Results and Discussion
Electroclhiemical prerreatment

It was demonstruted that the catalytic current for
NADH oxidation at NAD -madified clectrodes is
enhanced if a previous pretreatment is applicd’. This
pretreatment procedure consists ol potential ceveling
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between - 0.5 and 2V at 5V s ' for S minina 0.1 M
phosphate buffer pH 10. Immediately after, NAD'
was added 10 a final concentration of 10~ M and the
clectrode was cycled between —0.25 und 1.4 V al
0.020 V s ' in order to obtain the NAD'-modified
carbon paste eclectrode. Then the electrode was
washed and transferred to a phosphate  solution
without NAD'. When the background current was
constant at 0.0 V. NADH was added to a final
concentration of 10" M while stirring, and the
catalytic current  was  measured.  For  pretreatment
times longer than 5 min, the amperometric response (o
NADH increased when the graphite-rich electrodes
were  used. But in these cases  an  increased
background current was obtained at the same time,
and the electrodes  did not  give reproducible
responses. However, us the percentage of pasting
liquid ncreased an improvement in the catalytic
signal  was  obtained
reproducibility. The voltammogram obtained for a
pasting  hquid/graphite  ratio of 044 alter  a
pretreatment of 15 min is presented in Fig. 1. It can be
observed that the initial potentiodynamic run in the
anodic direction shows i broad anodic peak at =0.1 'V
and. at more positive potentials, the peak associated
with the oxidation of NAD", In the subsequent scans.
the voltammetrie response exhibited redox peak with
a formal potential of about =0.010 V. indicating the
presence ol the adsorbed redox products. The anodic
peak that appears at =0.1 'V in the first cyele did not
appear il the pretreatment was applied for only 5 min.
Furthermore, its peak current, corrected  for  the
background current, increased  with  increasing
pretreatment time. The curients measured for NADH
oxidation at 0.0V (ig ) for different pretreatment
times are shown in Table 1. Each of these values is
based on three independent measurements. When the
carbon paste electrodes were pretreated without the
posterior cycling in NAD"-solution, the surface was
activated and the oxidation current of NADH was also
determined at 0.0 V' (1,45). It can be observed that
with increasing pretreatment time, the electrocatalytic
activity for NADH  (i.2) does not present the
important increase obtained when after this procedure,
the electrode was modified with the NAD-oxidation
products (o).

Previously, it was found that after a pretreatment of
5 min. the relative increase in the catalytic current is
higher for the rich-paraffin electrodes’. On  the
contrary., after longer pretreatment nimes, the relative

without — any  loss  of
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Fig. 1—Cyelic voltammograms obtined with o carbon paste
electrode moa 0.1 M phosphate solation pH 10 contamimg 10
NAD' Oanly the first scan and the second anedic scan e
depicted.  The carbon paste electrode was fist cyveled between
0.5 und 20V at 3V 5! for 15 min. Paraflin to graphite ratio:
.44, Scan rate: .020 Vs

Table 1—Catalytic current for NADH oxidation as a function of
prefreatment time. The i, values refer to the catalytic current
measured at 0.0 Vina 0.0 M phosphate solution pH 10 fora 107
M ONADIL  wsing: pretreated  carbon paste elecirodes
(potentiodynamic cycling berween =05 and 20V ar S vV o
modificd with NAD® oxidation products (i, 0 and carbon pasie
electrades pretreated (1, )

Pretreatment time (min) o [ UA) sl HAg
5 0075 0,473
10} (INELE 11,555
15 (.004 .01
30 0,096 0. 775

increment was practically independent of the pasting
liquid content.

On the other hand, the relative mcrease ol the
conductor  surfuce  area obtained  employing
chronoamperometric measurements ol the oxidation
K Fe(CN),.3H-0, was 3.14 when the pretratment was
applied* during 3 min (ref. 4). This value was not
substantially modified when the activation time wus
increased.

The dependence  between  the  amperometric
response to NADH cxamination using o pretreated
NAD"modified carbon paste clectrode and  the
solution pH used in the pretreatment was not allered
with the pretreatment time, Thus, there were no
significant changes over pH value from 8 to 10, For
pH values above 10, a decrease in the catalytic current
wis observed for a given pretreatment time. Carbon
paste  electrodes  did  not  suswin o prolonged
pretreatment at pH higher than 12 due 1o the vigorous
generation of oxygen bubbles. Therefore. a solution of
pH 10 scems o be the best.
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To gain insight into the process that occurs during

pretreatment, the curbon paste electrode was [irst
polarised at =0.5 V for 5 min and then was treated in
order to oxidise the adenine moiety in NAD'. The
first eycle exhibits a broad anodic peak such as that in
Fig. 1. In the subsequent scan, the peaks due to the
catalytic system can be observed. The peak at =0.1 V
is not associated with the presence of NAD™ because
it was also observed after cathodisation in a solution
without NAD'. The anodic peak is considered
therefore to originate from a surface bound species
formed at the negative potential.
One may postulate that when the potentiodynamic
cycling between =05 and 2 V at 5V s " was applied
during prolonged times, an important contribution (o
activation  was  caused by the  surfuce  reduced
functionalities. This explanation is based in the
following observations: (a) Cathodic  polarisation
yielded w product whose electrooxidiation 18 mainly
associated with the peak at =0.1 V. This peuk also
appeared  alter  pretreatment,  although it was
observable only after activation periods longer than 5
min. Moreover. the height of this peak ncreased
when  pretreatment  time  increased.  (b)  After
prolonged pretreatment. the relative increment in the
catalytic - current  for - NADH  was  practically
independent of the amount of pasting liquid in the
paste (only paraffin-rich electrodes were analysed).
This  behaviour was also found when  cathodic
polarisation was applied. Conversely, a dependence
between this increment and the percentage ol the
pasting hiquid 1n the paste was observed after 5 min.
(¢) Extending the duration of pretreatment did not
lead to a substantially increase in the arca of the
conductor surface as occurred when a negative
potentiul was apphed,

Takeucht and Murray” have suggesied that a large
[raction ol pusting hquid s presented as droplets
thickly interspersed  on  the  graphite  surface.
According to this model, 11 was postulated that active
surface sites for NADH oxidatuon exist al the three-
phase boundary ol carbon with aqueous media and
pasting hquid™. The pretreatment produces a remaotion
ol organic molecules and. in the case of pasting
liquid-rich - pastes, this  results in more  paraltin

exposed to the agueous solution. Then, the number of

surface sites available increases with pasting hquid
content. On the contrary. it was postulated that
cathodic polarisation does not produce a significant
desorption of organic molecules and replacement by

waler. Thus. there seems 1o be o limiting value for
surface activation by the above qualitative maodel.
where further activation time does not improve the
catalytic  current  for NADH oxidation,  As  the
pretreament time 1s increased, the activaton of the
carbon  surface must be  due  primarily o the
contribution of reduced surface functionalites,

Electrochemical behaviowr of electrodes with NAD-
dispersed into the carbon paste

Cuarbon paste containing NAD™ lead to relanve
higher background currents, but this situation was

(c)
-0.4 0.0 0.4
E/V

Fig. 2—Cyelic voltammograms  obtained  witl curbon paste
electrodes containing x % NADT incorporated into the paste iz (|
M phosphate solution pI 10 a0 0020 Vs ' The mital anodic
switching potential was 1.4 V. Paritfin 1o craphie ratos (044
Sein rite: 0,020V s Lox =G 25 (b 18 and () 26,6 1 It (—
Iondd and ¢ Ly scan,
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Fig. 3—Cvyelic volammograms obtained with o 15% NAD'
carbon paste clectrode . The electrolyte solution was 0.1 M
phosphate solution pH 10 () without and (—-) with 107 M
NADH. Paraffin 1o graphite ratio: 0.44. Scan rate: 0,020 Vs .

changed when  the voltammetric  behaviour  was
examined over a narrower potential range. In Fig, 2
the eyelic voltammograms for carbon paste electrodes
containing different amounts of NAD" are depicted.
All the pastes have a high paraffin/graphite ratio in
order to increase their stability. A 2 % NAD'
clectrode resulted in redox peaks obscured by the high
signal of the base (Fig. 2a). In the case of 15 % NAD®
well-defined peaks were obtained (Fig. 2b), and in
spite of the solubility of NAD" in aqueous media
continuous  cveling did not result in a noliceable
decrease ol electroactivity,  Conversely,  the
configuration of 20 % NAD" was unstable and the
voltummetric peaks are completely lost during cycling
(Fig. 2¢). It can be observed that the formal potential
shifts to more positive potentials compared to that for
lower amount of NAD" in the paste, as occurred with
mereasing NAD™ coneentration in solution.

When cyclic voltammograms for the 15% NAD'
electrode were obtained in the presence of NADH, an
enhancement in the oxidation current and a decrease
in the cathodic wave were obtained, denoting a very
strong electrocatalytic effect (Fig. 3). The magnitude
of the catalytic current was proportional 1o the NADH
in solution. The catalytic behaviour toward NADH
was then similar ta that of the solution-phase NAD",

The ratno of peak currents. correcied for the
buckground current Tor cyclic voltammograms al
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Fig. +—Cycelic voltammograms ol a 15% NAD" carbon paste
electrode in 0.1 M phosphate solution pI1 10 ¢ ) without and (=)
with 10" M NADIH. The clectrode was first eyveled between (0.5
and 2.0 Va5V s ' for 15 min. Paraflin o graphite ratio: .44,
Scan rate: 0,020V s ',

different scan rates, was close to unity and only a
small separation between the peaks was observed at
the highest scan rates. indicating a reversible redox
switching of surface bond species.  Thus,  the
electroactive sites on the carbon paste behave as true
surface active groups influenced by the properties of
the electrolyte.

From the peak separation (A£p) was possible to
calculate the heterogeneous rate constant (A,). using
the method proposed by Laviron”. A master curve of
m vs AEp, where m = (RT/F)(k/nv), yielded the value
of m corresponding 1o different measured values ol
ALp, and k, was obtained from the value of m. The
transfer coefficient was taken as 0.5, The main value
of k,is 8.5 s ', which compares favourably with the
vilues of others modified electrodes that were used o
catalyse the oxidation of NADH'"™'",

The  influence  of  pretreatinent  on the
electrochemical response of carbon paste electrodes
with NAD" incorporated into the paste was also
explored. In this case, the oxidation of the adepine
group in NAD" occurred during the prewreatment. The
oxidation products were strongly adsorbed on the
clectrode surface as shown in Fig. 4, which presents
the voltammogram obtained when the same electrode
wis  subsequently  potentodynamically  polarised
between —0.25 and 0.3 V. As expected. an increased
background current wus measured. The value ol &,
shightly tnereased after the pretreatment procedure.
The cyclic voltimmogram  obtained in a (0.1 M



SAIDMAN: ELECTROCHEMICAL BEHAVIOUR OF MODIFIED CARBON PASTE ELECTRODES 773

phosphate solution containing 10" M NADH is also
shown in Fig. 4. It 1s evident that pretreatment applied

1o this type of clectrode did not inhibit the catalysis of

NADH oxidation,
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