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Artigo

Cyclic voltammetry was used to study 3,4-dihydroxybenzaldehyde (3,4-DHB) electropolymerization processes on carbon paste
electrodes. The characteristics of the electropolymerized films were highly dependent on pH, anodic switching potential, scan
rate, 3,4-DHB concentrations and number of cycles. Film stability was determined in citrate/phosphate buffer solutions at the
same pH used during the electropolymerization process. The best conditions to prepare carbon paste modified electrodes were
pH 7.8; 0.0 < E,< 0.25V; 10 mV s%; 0.25 mmol L* 3,4-DHB and 10 scans. These carbon paste modified electrodes were used
for NADH catalytic detection at 0.23 V in the range 0.015 < [NADH] < 0.21 mmol L. Experimental data were used to propose
a mechanism for the 3,4-DHB electropolymerization processes, which involves initial phenoxyl radical formation.
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electrocatalytic oxidation.

INTRODUCTION

The B - nicotinamide adenine dinucleotide co-factor (NADH) is
necessary to the catalytic action of more than 300 different
NAD*/NADH dependent dehydrogenases. Electrochemical oxidation
of NADH is particularly important because several non electroactive
substrates can beindirectly determined if one of the catalytic reaction
products is electroactive, which is the case of NADH. Reviews
describing redox and catalytic electrooxidation process of NADH
have been published2.

Unfortunately, oxidation of thiscoenzymeat abare e ectrode occurs
a high overpotentials and depends on the history of the electrode
surface®®. Electrode poisoning has been a so reported*>”8 and partialy
solved using the electrochemical pre-treatment procedure described
by Blaedd and Jenkins**. Besides good reproducibility of the results,
those authors observed a curvature in log-log current applied potential
plots for potentials higher than 0.9 V and small decreases in currents
across the transport limited region for replicate scans within a day by
using steady-state voltammetry. These experimental observationswere
attributed to an eventual instability of NADH in phosphate buffer
solution® and are also indicative of eectrode poisoning.

Experiments performed with nicotinamide mononucleotide
(NMN*) and its reduction product, NMNH, without adenine in the
molecule, showed that adsorption on the electrode surfaces
decreased™. Theseresultsarein good agreement with those reporting
strong adsorption of guanine and adenine at glassy carbon
electrodes!*2. At pH 7.0, oxidation of adenine occurs at 0.9 V
(vs SCE)® and a strong adsorption of the oxidation products has
been reported™. From thisviewpoint, the curvatureinlog-log current
applied potentia plots* could be due to oxidation of free adenine,
coming from NADH - phosphate adducts decomposition®.

In fact, electrochemical oxidation of NADH at a bare glassy
carbon electrode was observed to be dependent on the supporting
electrolyte composition. Adducts between phosphate anions and
nicotinamide and adenosinegroupsin the NADH moleculeareformed
and catalyze the cofactor decomposition producing free adenine. The
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latter isoxidized above 0.9V (vsAg/AgCl, KCI sat) and itsoxidation
products, adsorbed on the el ectrode surface, blocked further NADH
oxidation®. The best buffer used for NADH determination was
piperazine - N, N'- bis [2-ethanesulfonic acid], pH 6.8%.

The adsorption and electrochemical oxidation of NADH were
studied at carbon'®*® and platinum electrodes'’-*°. When carbon and
platinum surfaces were previously covered with NAD*, peak
potentials for NADH oxidation did not change; oxidation currents
varied linearly with NADH concentrations and the last one was
determined in micromolar range'®Y’. These results showed that NAD*
also adsorbs on electrode surfaces, but the adsorbed layer allows
NADH oxidation.

Severa studies on electrocatalytic oxidation of NADH using
chemically modified electrodes were reported since early 80’4,
Modified electrodes with 3,4- dihydroxybenzaldehyde and related
analogs have been described®°4 and used to develop new®44
aldehyde and alcohol biosensors. The best procedure to prepare
modified electrodes was using constant applied potential s34,

Mechanisms for 3,4-DHB electropolymerization processes
involving phenoxy! radical formation with further dimerization
process on the electrode surface®, oxidation to the correspondent
quinone with subsequent nucleophil-c attack from active functional
groups on the electrode surface* and chain propagation of
3,4-DHB through the aldehyde functionality* have been proposed,
but they do not suggest possible pathways for el ectropolymerization
processes and film growing. Additionally, the appearance of a
reversible redox pair at potentials lower than those necessary to
oxidize 3,4-DHB molecules is still unknown.

In thiswork cyclic voltammetry was used to prepare 3,4 - DHB
modified carbon paste el ectrodes with catalytic propertiesfor NADH
oxidation. The best conditionsto prepare 3,4 - DHB modified carbon
paste el ectrodes such astemperature, pH, anodic switching potential,
scan rate, cycle numbers and 3,4-DHB concentrations are presented.

Carbon paste electrodes were chosen because cofactor and/or
enzymes could be previously introduced in the carbon paste
composition or immobilized during the electropolymerization
process, which occursat low applied potentials, insuring theintegrity
of the biological components and avoiding its lixiviation.
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EXPERIMENTAL
Chemicals and solutions

B-NADH, disodium salt (Cat. No 124644); NADPH, tetrasodium
salt (Cat. No. 124540); sodium nitrate (Cat. No. 106537); sodium
hydroxide (Cat No. 106495); sodium monohydrogen phosphate (Cat.
No. 106586) and citric acid (Cat. No 100241) were supplied from
Merck (Rio de Janeiro, Brazil). Piperazine-N,N”-bis[2-ethane-
sulphonic acid] (PIPES) (Cat. No. 5625-37-6) was supplied by Alfa
AESAR,; 3,4-dihydroxybenzaldehyde (3,4-DHB) (Cat. No. D10.840-
5) and nuyjol oil (Cat. No. 16140-3) were supplied by Aldrich Chemical
Co.; graphite was Acheson 38 from Fisher. All reagents were used
without previous purification.

Buffer solutions were prepared as described previously®. Stock
solutions of B-NADH, NADPH and 3,4-DHB were prepared by
dissolution of the salt in buffer solution just before the experiments.
All solutions were prepared with purified water from a Barnstead
Nanopure system.

Apparatus

All electrochemical measurements were performed using a
PGSTAT 20 potentiostat/galvanostat, controlled by GPES version
4.3 from Eco Chemie, Utrecht, Netherlands. pH measurements were
carried out using a pH meter model 654 with a combined glass
electrode, both from Metrohm.

Electrode system and experimental procedures

Theworking electrode was carbon paste, A = 0.070 cm?, prepared
with graphite/nujol in 2:1 proportion; counter and reference el ectrodes
were Pt wire and a miniaturized Ag/AgCIl (sat. KCl) electrode?,
respectively, all placed in a one-compartment cell.

The electrodes were pretreated in 1.0 mol L NaOH solution
and the working electrode potential was held at + 1.20V for 5 min,
followed by 6 scansfrom-0.20to 1.0V in buffer solution, asdescribed
by Pariente et al.¥. Afterwards the electrodes were rinsed with
deionized water and modified in citric acid/Na,HPO, (pH 2.6; 3.6;
4.6, 6.6; 7.8) and 10.2 (NaHCO,/NaOH) buffer solutions containing
0.5 mmol L 3,4-DHB (a ~12 °C) cycling the potential between
-0.2and 1.0V. Two oxidation peaks(E and E, ») andtwo reduction
peaks (Epcl and E cz) were observed, WhICh Were used to limit the
scan range. The electrodes were modified within the limits
(E - 0.15V) and (E +0.15V) at 50 mV st for 10 cycles.

Amperometrlc detectlons of NADH were performed at 0.23V in
an electrochemical cell containing 10.0 mL of supporting electrolyte
(PIPES buffer, pH 6.8) where several additions of 3.0 mmol L* of
NADH and NADPH stock solutions (prepared in the same supporting
electrolyte) were made to obtain the desired analyte concentration.

RESULTSAND DISCUSSION
Influence of pH on 3,4-DHB electropolymerization process

Since 3,4-DHB has quinone/hydroxyl functionalities, it would
be expected that the electropolymerization reaction should be pH
dependent. Theinfluence of pH on the el ectropolymerization process
was studied modifying the carbon paste electrodes in 0.5 mmol L+
3,4-DHB solutions at various pH vaues (2.6; 3.6; 4.6; 6.6; 7.8 and
10.2) using cyclic voltammetry and 10 scans at 50 mV s.

Figure 1 shows that during the first anodic scan, only one sharp
anodic pesk (Ep, ) appeared. Upon reversing scan direction, two small
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Figure 1. Cyclic voltammograms (1%, 2™ and 10") recorded for 0.5 mmol L
3,4-DHB in different pH values: (A) pH 2.6; (B) pH 7.8 and (C) pH 10.2 at
carbon paste electrode. Experimental conditions:

(Ep.c,-0.15V) < E_, < (Ep,a,+0.15V), 50 mvs* and 10 scans
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cathodic waves were observed (E o and E, ) and with successive
potential scanning, an additional anodlc peak was observed (E )

Onincreasing pH, the second cathodic peak (E o ) disappeared and,
at the same time, a better definition of the reversible pair (E, ,/E, )
was obtained (Figure 1a— 1b). Additionally, with continued potential
cycling, the reversible peak current increased (film growth), while
the current of the second anodic peak decreased. However, at pH
10.2 only two irreversible peaks were recorded (Figure 1c).

The 3,4-DHB modified electrodes were rinsed with deionized
water and placed in buffer solution at the same pH used during the
electropolymerization process. Using the same potential range and
scan rate, only the reversible peaks were recorded and at pH 10.2
there was no evidence for film formation (Figure 2a - 2c).

At pH values between 2.6 and 7.8 the anodic and cathodic peak
potentials for the reversible pair changed linearly with pH34048
accordlng to the equations: E,. = 0.65-0.064 pH (r> =0.9995) and

o = 0.61-0.064 pH (r> = 0.9997).

Durlng successive cycles in supporting electrolyte, the current
peaks decreased, probably due to film inactivation as consequence
of secondary reactions or desorption of speciesweakly bound to the
electrode surface. The percentage of active film loss for n scans was
determined, considering the peak current for the second cycle as 100%
and reporting the current peak for n cycles (Table 1). Taking into
account higher current levelsand lower loss of active film percentage,
the best pH for growing films was found to be 7.8.

Influence of anodic switching potential, scan rate, number
cycles and 3,4-DHB concentrations on the stability of 3,4-DHB
electropolymerized films

Considering that a second oxidation peak (Ep, ) Was recorded
only during film formation (Figure 1) vanishing in supporting
electrolyte (Figure 2), it was clear that the product formed at E did
not adsorb on the electrode surface. These results indicated that it
was necessary to verify whether the applied potential (corresponding
toE ) had someinfluence on film formation and its further stability
in supporting electrolyte.

Filmswereformed in0.0<E_; <045V and0.0<E_ <025V
ranges (pH 7.8) and stability t&sts were carried out in supportlng
electrolyte, at the same pH and potential ranges. The highest current
(anodic and cathodic) and smallest loss of active film were obtained
for films formed in the range 0.0 < E_, < 0.25V, with stability tests
performed in the same potential range. In this case, loss of active
film dropped to 9% (for L, ) ad 8% (for I ) after 20 scans. When
film formation and stablllty tests were carrled out in the range
0.0<E, <045V, lossof activefilmincreased to 15% (for | ) and
18% (for l, .) ater 20 scans. These data showed that to get films
with hlgher stablllty, the anodic switching potentia should not go
beyond 0.25V (for pH 7.8). Fast and complete loss of the surface-
immobilized material was observed when the potential was cycled
to potentials more positive than 0.4 V (pH 7.0)¥. According to our

Table 1. Loss active film percentage calculated for the tenth cycle
recorded in supporting electrolyte (citrate/phosphate buffer solutions)

pH % of lost active film % of lost active film
(Ipa) (Ip.c)

2.6 12 14

3.6 18 16

4.6 11 12

6.6 19 21

7.8 10 12
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Figure 2. Cyclic voltammograms (1%, 2™ and 10") recorded with 3,4-DHB
modified carbon paste electrode in supporting electrolyte solution (citrate
acid/Na,HPO,) with the same pH and composition used for the film
formation: (A) pH 2.6; (B) pH 7.8 and (C) pH 10.2. Experimental conditions:
(Epc,- 0.15V) <E_<(Epa,+ 0.15V), 50 mV s*and 10 scans
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results, this potential corresponds to the second 3,4 - DHB oxidation
peak, responsible for destruction of the electropolymerized film.

It is necessary to emphasize that this potential limit depends on
the pH of the solution used during film formation and stability tests.

Electropolymerized films were prepared using 5; 10; 25; 50; 75
and 100 mVs? and 5, 10, 15 or 20 cyclesin 0.5 mmol L* 3,4-DHB.
Stability measurements were performed in supporting electrolyte at
50 mV s?. Filmswith better stability were obtained using 10 mV s?
and 10 cycles.

The last parameter to be studied was 3,4-DHB concentrations.
Films were formed using 0.25, 0.56, 0.90 and 1.8 mmol L of
3,4-DHB. Increasing 3,4-DHB concentrations, thicker films should
be formed, since higher current peaks were obtained. Peak current
differences, recorded in supporting electrolyte, between the second
and the 20" cycle were lower for filmsformed with 0.25 mmol L of
3,4-DHB. It seems that films obtained at lower 3,4-DHB
concentration have better stability.

The best conditions to prepare 3,4-DHB electropolymerized
carbon paste modified electrodes were: pH 7.8; 0.0 < E,<025V
potential range; 10 mV s?, 0.25 mmol L of 3,4-DHB and 10 cycles.

M echanism involved in chain propagation of 3,4-DHB at
carbon paste electrode surfaces

The mechanism of 3,4 — DHB electropolymerization has been
considered as similar to the one suggested by Hapiot et a.* for
oxidative dimerization of phenolic aldehydes by pulse radiolysis,
which proposes dimerization of phenoxyl radicals. It was proposed
because the oxidation peak potential of phenolic aldehydes changed
linearly with the logarithm of the scan rate in the range
0.05<v <20V s?, with adope of ~20 mV and a peak width of
~ 41 mV. These observations are consistent with a rate-determining
coupling of two radicals formed from a fast electron transfer to a
dimer, with 19.7 mV dope for the plots 0Ep/ dlog(v). However, in
our work the peak potentia did not change upon increasing scan rate
up to 100 mVs?. Additional studies have been done®** and the
oxidation of 3,4-DHB to the correspondent quinone, with a
subsequent nucleophilic attack from active functional groups from
the electrode surface, was then considered.

Geo et al.®® proposed a mechanism where chain propagation of
3,4-DHB polymerization involves the aldehyde functionality, but in
benzaldehyde solution only atotally irreversible wave was observed
at 1.80V¥. No evidencefor apolymerization processinvolving these
groups was obtained. In fact when benzaldehyde solution was
changed for buffer solutions, only background current was observed
over therange - 0.20 to + 0.50 V.

Our results are compatibl e with a mechanism in which phenoxyl
radical formation is the first step of the 3,4-DHB electropoly-
merization process, similarly to anodic oxidation of phenols, where
theinitial anodic reaction involves an one electron oxidation to form
free phenoxyl radicals’**. Coupling reactions between these
phenoxyl radicalsin acidic conditionsyield non electroactive dimeric
products or long chain polymeric products, which are electroactive
and more easily oxidizable than phenol®%. Dimeric or long chain
polymeric products produced by phenoxyl coupling reactions during
3,4-DHB electropolymerization can be discarded because
electroactive films with good stability were obtained only at pH 7.8.
Phenoxy! oxidation to produce monocations, which undergo reactions
with phenol molecules, occurring in neutral or alkaline medium to
produce long chain polymeric non electroactive structures, can be also
discarded™®. In this way, an addition reaction between a phenoxyl
radical and a3,4-DHB molecule was considered as the most probable
mechanism for the formation of 3,4 — DHB films (Figure 3).
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Figure 3. Mechanism proposed for chain propagation of 3,4-DHB at carbon
paste electrode surface
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During thefirst anodic scan, a 3,4-DHB molecule may |oose one
proton and one electron, to produce a phenoxyl radical, (1). No peak
corresponding to this process was recorded, probably because the
radical should be formed only in the initia stage of the second 3,4-
DHB-oxidation process. In this mechanism, formation of phenoxyl
radical was considered on the hydroxyl group bonded to C (3), but it
could also be formed on the group attached to C (4). The phenoxyl
radical, |, attacks another 3,4-DHB molecule producing a new radi-
cal Il, whichis oxidized to compound Il in a step involving another
proton and electron. During the reverse sweep, compound 11 is
reduced to compound IV at 0.13V in astep involving 2 protons and
2 electrons (E, , - Figure 1B).

During the next anodic sweep, compound IV, in astep involving
one proton and one electron, is re-oxidized to radical V at lower
potentials (0.18 V) than the original 3,4-DHB molecules (compare
1 cycle with 2@ or 10" cycle in Figure 1 B), because IV contains
one more oxygen bonded to the aromatic ring, which should provide
additional stabilization to the phenoxyl radical, V. Radical V attacks
another 3,4-DHB molecule to produce compound VI, which is
oxidized to compound V11 in a further step involving one electron
and one proton. During thereverse sweep, V11 isreduced to compound
V111 and two protons and two electrons are involved in the process.
Continuous cycling will to aggregate 4 or more 3,4-DHB units of
general structure VIII.

The anodic and cathodic peaks, recorded in supporting electrolyte,
correspond to theVI1/V 111 reversible redox pair or another compound
with similar structure.

The proposed mechanism explains why the best pH for film
formation and stability tests was 7.8: in acidic medium, phenolic
groups are not ionized and phenoxyl radical formation is more
difficult, occurring at higher oxidation potentials. At pH 10.2 film
formation is inhibited, probably because the aldehyde group in
3,4-DHB molecules can be transformed to the respective hydrate,
which is oxidized in an irreversible process.

At potentials corresponding to the second anodic oxidation
process of 3,4-DHB (E, ;) compounds 111 and VII can be further
oxidized to form the respective quinone derivatives, in competition
with oxidation of 3,4-DHB molecules which reach the electrode
surface by diffusion. In the last case, film growing is stopped or a
disordered surface layer, which is not stable during the potential
sweeps in supporting electrolyte, is produced.

The film can be attached to the electrode surface by initial
adsorption of free phenoxyl radicals 2% or through one of the
tautomeric structures of compound 1V (Figure 4). Alternatively
immobilization of the film on the electrode surface by active species
as proposed in the literature®®*, is also possible.
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Figure 4. Tautomeric forms of structure IV

In order to have some experimental support, at least for theinitia
step of the proposed el ectropol ymerization process, wetried to modify
the carbon paste electrodes in 0.025 mmol L 3,4-DHB solutions
containing 0.60 mmol L* of NAD(P)H, a known phenoxyl radica
scavenger inbiological systems™. Figure 5 showsthe voltammograms
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Figure 5. Cyclic voltammogram recorded in supporting electrolyte with the
carbon paste electrode after modification in: (A) 0.25 mmol L* 3,4-DHB
containing 0.60 mmol L* of NADPH solution; (B) 0.25 mmol L* 3,4-DHB
containing 0.60 mmol L of NADH solution and (C) carbon paste electrode
modified in 0.25 mmol L* 3,4-DHB solution

carried out in supporting electrolyte after electropolymerization in
3,4-DHB solutions contained NADPH or NADH. Asit can be seen,
the electropolymerization processwastotal ly inhibited in the presence
of NADPH and partially inhibited in the presence of NADH.

These results are a strong indication that phenoxy! free radical
formation may be the first step in the electropolymerization process
and show that it is not possible to immobilize cofactors (NADH or
NADPH) during the growing of 3,4-DHB electropolymerized films.
Enzyme immobilization can be also difficult because enzymatic
activity may decrease as a consequence of enzyme/free radical
reactions.

The inhibition of film formation in the presence of NADPH
cannot be attributed to an eventua previous cofactor adsorption on
the electrode surface. When the electrode was pre treated in 0.60
mmol L2 NADPH and further placed in 3,4-DHB solutions, the film
was formed as usually observed in 3,4 — DHB solutions.

If these considerations are true, lower scan rates should favor
film growth and its immobilization at the electrode surface, while
production of higher concentrations of phenoxyl radicals could lead
to highly disordered low chain length films, which are not well
adsorbed at the electrode surface.

At 0.23 V, potential used for catalytic detection of NADH and
NADPH, the analyte can react with C (2) of thearomaticringin VI,
for example, or with a phenoxyl radical formed in this potential. In
both cases, the reduced film can be electrochemically re-oxidized at
the electrode surface and the anodic current is proportional to NADH
concentration in solution.

Electrochemistry of electropolymerized 3,4-DHB films

Ascan been seen from Figures 1 (B) and 2 (B), theredox behavior
of 3,4-DHB electropolymerized films in supporting electrolyte is a
reversible process. For linear sweep and cyclic voltammograms the
parameter \ E-E.. |isoneof several di agnodgtic criteriafor reversible
systemsand correspondsto 2.2RT/nF or 0.0566/nV (at 25 °C), where
R is the gas constant, T the temperature in Kelvin, F the Faraday
constant and n the number of el ectronsinvolved in the e ectrochemical
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process®. For filmsformed under optimized conditions, the parameter

| E-E p,2| , obtained from voltammograms recorded in supporting
electrolyte (buffer phosphate, pH 7.8) at 50 mV s?, was 0.030 V.
This means that the number of electrons involved in the electro-
chemica processis 2.

Since AEp/ApH was 0.064 for both anodic and cathodic process,
the number of protons involved is also 2. This was calculated using
the equation AEp/ApH = 0.0592p/n for thereversible process®, where
p and n are the numbers of protons and electrons respectively.

At pH 7.8, Em (E , + E _/2) corresponded to 0.12 V
vs Ag/AQCI (sat. KCI). The modifier surface excess was 8 x 10%°
mol cm?, calculated using by the anodic charge obtained from cyclic
voltammograms (obtained in supporting electrolyte, pH 7.8,
v =50 mV s?), after subtraction of the background charge, utilizing
the relation: T = [(idt / nFA) = Q / nFA, where Q is the charge in
coulombs and A the electrode area in cm?.

Amperometric detection of NADH

The catalytic NADH oxidation by electropolymerized 3,4-DHB
films can be represented by the scheme:

NADH + Film . — NAD* + Film

(ox) (red)

(chemical step)

Film — Film

0 @ T 2€ (electrochemical step monitored at the

electrode)

According to this, the cathodic current should decrease as a
function of successive additions of NAD(P)H to a supporting
electrolyte, as it was experimentally observed. Amperometric
NAD(P)H determinations were performed at 0.23 V. However, only
in NADPH solutions the modified surface was quickly lost after the
first analytical curve. Thisresult isin accordance with datashownin
Figure 5.

The same procedure was used with NADH and the analytical
curve is shown in Figure 6. As it can be seen, about 25 s were
necessary to get an amperometric stable response. The linear
concentration range was 0.015 < [NADH] < 0.21 mmol L%
Ip (wA) = (32.5 = 0.3) [NADH] + (0.0505 + 0.0001) [n = 9,
r2=0.9983] and the detection limit estimated was 1.2 x 102mmol L%,
The surface was active for catalytic NADH oxidation during three
days when the modified electrode was kept in phosphate buffer,
pH 7.8.

CONCLUSIONS

Cyclic voltammetry was used to prepare 3,4-DHB
electropolymerized films on carbon paste electrodes. The
characteristics of these films were highly dependent on pH, anodic
switching potential, scan rates, 3,4-DHB concentrations and number
of the potential cycles utilized. The best conditions to prepare modi-
fied carbon paste electrodeswerepH 7.8; 0.0< E 0 <025V, 10mV st
0.25 mmol L 3,4-DHB and 10 scans. The modified el ectrodes could
be used for amperometric NADH determinationswith linear response
in the range 0.015 mmol L* < [NADH] < 0.21 mmol L, during
three days at 0.23V (vsAg/AgCl, KClI, sat). However, the lifetime
of these modified electrodes was considerably smaller if they were
used for catalytic determination of NADPH.

The electropolymerization process was totally inhibited in the
presence of NADPH and partially inhibited in the presence of NADH.
Since NADPH is a known phenoxyl radical scavenger in biological
systems, phenoxy! free radical could be the species responsible for
theinitial step of the electropolymerization process. It isnot possible
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Figure 6. (A) Amperogram recorded with 3,4-DHB carbon paste modified
electrode (optimised conditions) in PIPES buffer (pH 6.8) containing
0.15 < [NADH] < 0.21 mmol L* and (B) NADH analytical curve

to immobilize cofactors (NADH or NADPH) during the growing of
3,4-DHB electropolymerized films, because NAD(P)H can act as
free radical scavenger. Enzyme immobilization can be aso difficult
because enzymatic activity can be affected by free radicals.
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