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As propriedades eletroquímicas dos corantes catiônicos, azul de meldola e azul de toluidina,
imobilizados na superfície do acetato de celulose modificado com dióxido de titânio foram
investigadas por voltametria cíclica. Os materiais sintetizados foram empregados como eletrodos
de pasta de carbono. As propriedades mediadoras redox dos eletrodos modificados quimicamente
com azul de meldola e azul de toluidina foram otimizadas utilizando um planejamento fatorial
consistindo de dois níveis e quatro fatores com dois pseudo-pontos centrais (n=20 experimentos).
A análise fatorial foi realizada para investigar as melhores condições de reversibilidade do
processo redox tais como uma diminuição na separação entre os picos de potenciais anódico e
catódico e razão de corrente próxima da unidade. Os fatores que apresentaram efeitos significantes
na otimização global do sistema e que permitiram alcançar as melhores condições de
reversibilidade de transferência de elétrons foram os fatores principais velocidade de varredura
e tipo de eletrodo (azul de meldola ou azul de toluidina) além dos fatores de interação
concentração do KCl × tipo de eletrodo (B×D) e a interação pH × [KCl] × velocidade de varredura
(A×B×C). As melhores condições de reversibilidade eletroquímica obtidas foram: o eletrodo
CA-TiO2-MB, KCl 1,0 mol L-1 como eletrólito suporte e velocidade de varredura de 10,0 mV s-1.
Adicionalmente, o eletrodo modificado CA-TiO2-MB foi testado como sensor amperométrico
para a determinação de NADH com um limite de detecção de 0,1 µmol L-1.

The electrochemical properties of meldola blue and toluidine blue cationic dyes immobilized
on cellulose acetate surface modified with titanium dioxide were investigated by cyclic
voltammetry. The materials synthesized were employed as carbon paste electrodes. The redox
mediator properties of the meldola blue and toluidine blue chemically modified electrodes
were optimized using a factorial design, consisting of two levels and four factors with two
pseudo-central points (n= 20 experiments). The factorial analysis was carried out by searching
for better reversibility of the redox process, such as the lowest separation between anodic and
cathodic potential peaks and a current ratio near unity. The factors that presented significant
effects on the overall optimization of the system to achieve the best conditions of the reversibility
of electron transfer were the main factors scan rate and type of electrode (meldola blue or
toluidine blue), besides the interaction factors KCl concentration × type of electrode (B×D) and
the pH × [KCl] concentration × scan rate (A×B×C) interaction. The best electrochemical
reversibility conditions obtained were: using the CA-TiO2-MB electrode, 1.0 mol L-1 KCl as
supporting electrolyte, at scan rate of 10.0 mV s-1. Afterwards, the CA-TiO2-MB modified
electrode was tested as an amperometric sensor for the determination of NADH, with a detection
limit of 0.1 µmol L-1.

Keywords: meldola blue, toluidine blue, modified cellulose acetate, factorial design, carbon
paste electrode, NaDH
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Introduction

The development of sensors that allow the
measurement of some analytes that present analytical or
environmental interest are of great importance to the
scientific community. The electrochemical sensors or
biosensors have awakened the scientific community
attention, because these devices associated with the
selectivity of the electrochemical measurements, attained
with the use of electrochemical mediator species, have
permitted the measurements of important analytes in
different areas such as in medicine, pharmacy,
manufactured feed and other areas.1

In this context, efforts have been made to develop new
sensors presenting the electrochemical mediator species
strongly immobilized at the surface of the sensor material
in order to avoid their leaching under the operational
conditions.1 The most common materials that are usually
employed as an inert support for the preparation of
chemically modified electrodes (CME) are silica gel, silica
prepared by the sol-gel process and zeolites.2-4

Recently, the use of available alternative materials
as cellulose and its derivatives as supports for
preparation of electrochemical sensors has been
increased.5 The Cellulose acetate is a cellulose ester
firstly synthesized in 1865 by P. Schutzenberger that
has been widely marketed during the last two decades
for their thermoplastic properties.6 In particular,
cellulose acetate is useful in preparing hybrid materials
since it shows intrinsic advantages like low cost, high
availability, good biodegradability and easy handling.5

In recent years, works on preparation of cellulose
acetate-metal oxide hybrid materials has been carried-
out by mixing the polymer and metal alkoxide solutions,
followed by a phase inversion process.7-10 Since these
oxides behave as good Lewis acids, immobilized
reactants on the oxide-coated cellulose acetate have
been used to prepare semi-permeable membranes,8,9 for
enzyme immobilization11 and for preparation of
electrochemical sensors.10,12

Metallic oxides such as titanium oxide (TiO2) are very
known due to their high ion exchange capacity and
conductivity properties.13,14 Such characteristics are very
attractive for using this metallic oxide for preparing hybrid
material with cellulose, as a substrate for immobilization
of electrochemical mediators. The conductivity property
of TiO2 is able to mediate the electron transfer in CME.
In spite of these advantages of using cellulose acetate-
metal oxide hybrid materials as CME there are few
applications of these electrochemical sensors reported in
the literature.10,12

The electrooxidation of the reduced nicotinamide co-
enzymes (NADH and NADPH) have been a subject of
great interest in recent years.15 This is due to approxi-
mately 300 known enzymes which require nicotinamide
coenzymes as co-reactants in the bioprocess.15 The
development of sensors for electrooxidation of NADH
has been reported utilizing different electron mediators,16

which were immobilized (adsorbed or chemically bound)
at the electrode surface, such as catechols,17 hydro-
quinones,18 diaminobenzenes,19 phenazines,20 pheno-
xazines21 or phenothiazines,22 metal complexes.23 These
mediators were frequently studied and used to cause
substantial decrease in the overvoltage and also to
accelerate the oxidation reaction of NADH at the
electrode surface.

Phenoxazines and phenothiazines are dyes compounds
that have been often considered as the most suitable
species for producing chemically modified electrodes due
to their operational stability of the immobilized mediator,
and fast redox reaction between immobilized mediators
at the sensor surface and NADH containing solutions.24

The redox behavior and efficient electrocatalytic
properties of these organic dyes have been employed for
the determination of different substrates such as H2O2,

25,26

alcohols,27 lactate,28-30 ammonia,31 acid formic32 and
enzymes like aspartate aminotransferase33 and horseradish
peroxidase.26

The optimization of the experimental conditions that
leads to the best values of the reversibility of an
electrochemical system requires the study of several
variables, such as kind of electrode, pH of the solution,
concentration of supporting electrolyte, scan rate, etc.
Conventionally, one performs the optimization in a
univariate mode, where each independent variable is
studied one at a time and the other variables are kept
constant. After optimizing the variable, it is fixed at the
best found value and the next variable will be explored in
turn. Alternatively, all the variables could be studied
employing statistical design of experiments.34,35 One of
the simplest statistical designs is the factorial design 2k.
The factorial design determines which factors have
important effects on a response as well as how the effect
of one factor varies with the level of the other factors.34,35

The determination of factor interactions could only be
attained using statistical designs of experiments, since it
cannot be observed when the system optimization is
carried out by varying just one factor at a time and fixing
the others.34-40 This statistical design is used to examine
the relationship between one or more response variables
and a set of quantitative experimental factors. After that,
it is necessary to find the factor settings that optimize the
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response. Although statistical design of experiments has
largely been employed in the optimization of industrial
processes34,35 or in analytical work,36-40 it has scarcely been
applied to electrochemical processes involving modified
chemically electrodes.41-45 In this way, there is a demand
for more applications of statistical design of experiments
to electrochemical studies.

The aim of this work is to demonstrate the application
of TiO2/cellulose acetate matrix for the preparation of
electrochemical sensors for NADH determination using
a factorial design to achieve the best conditions of the
electrochemical reversibility of the mediator. In order to
achieve these tasks, two chemically modified electrodes
formed by meldola blue and toluidine blue immobilized
in TiO2/cellulose acetate matrix forming CA-TiO2-MB and
CA-TiO2-TB were prepared. In order to achieve the best
reversibility conditions of these electrodes, a full 24

factorial design with two pseudo central points (n= 20
experiments) was carried out. Afterwards, the best
conditions of the optimization were utilized for the
determination of NADH.

Experimental

Solutions

For the electrochemical measurements, double distilled
water was employed throughout. Solutions of 0.2 to 1.0
mol L-1 KCl (Merck) were employed as supporting
electrolyte.

Preparation of the modified electrodes and electrochemical
measurements

An amount of 10.0 g of cellulose acetate was added to
a reaction flask containing 40 mL of acetic anhydride
(Merck) and 50 mL de acetone (Merck). The mixture was
allowed to rest for 24 h at room temperature under dry
nitrogen atmosphere. After that, viscous syrup was formed.
Subsequently, 7.5 mL of titanium(IV) butoxide was added
to this syrup (100 g) and magnetically stirred. The resulting
syrup was slowly added to a flask containing about 1000
mL of double distilled water, with efficient stirring, in
order to regenerate a fibrous material containing TiO2

immobilized on the cellulose acetate. The fibers were
collected by filtration, washed with water and dried under
vacuum at room temperature. Finally, the CA-TiO2 hybrid
material was dried at 60 °C.14,46 The quantity of
incorporated metal oxide in the matrix was determined
by igniting it to 900 °C for 3 h and weighing the TiO2

residue, which resulted in 1.8 mmol g-1.

An amount of 0.5 g of CA-TiO2 were added separately
to 25.0 mL of 1.0 × 10-3 mol L-1 meldola blue (Aldrich) or
toluidine blue (Aldrich) solution at pH 6.0. The mixtures
were shaken for 1 h and the resulting solids were filtered,
washed several times with double distilled water and dried
in an oven for 30 min at 60 °C. The quantities of
immobilized mediators were determined by elemental
analysis. These materials were denominated here as CA-
TiO2-MB and CA-TiO2-TB, respectively.

The carbon paste electrodes were prepared by mixing
the materials (CA-TiO2, CA-TiO2-MB and CA-TiO2-TB)
with analytical grade graphite in 1:1 (m:m) proportions
with one drop of liquid paraffin as binder. These pastes
were placed inside a glass tube with a cavity of 1mm depth
making an electrical contact with a 5 mm diameter
platinum disk which was fused to the glass tube. The
carbon paste electrodes made with these materials were
used as the working electrodes. The other electrodes were
a platinum wire as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. These
three electrodes were placed inside a 100.0 mL conical
thermostatically-controlled electrochemical cell at 25 °C.
The solution degasification was carried-out by bubbling
ultra-pure nitrogen in the electrochemical solution.

Cyclic voltammetry experiments involving factorial
design were carried out on a potentiostat-galvanostat
Radiometer model DEA 332 and the measurements for
NADH determination were carried out in an Autolab
PGSTAT20 potentiostat-galvanostat equipment from Eco
Chemie (Utrecht, Netherlands) coupled to a micro-
computer with GPES 4.9 software used for potential
control, data acquisition and treatment.

The electro-catalytic oxidation of NADH
(β-nicotinamide adenine dinucleotide, reduced form, from
Aldrich) on the CA/TiO2/MB electrode was investigated
by cyclic voltammetry and amperommetry techniques
adding freshly prepared NADH solutions into the
electrochemical cell containing 10 mL of the supporting
electrolyte solution 1.0 mol L-1 KCl and pH 7.0.

EDS analysis

The EDS image was obtained for CA-TiO2 material
dispersed on a double faced conducing tape on an
aluminum support and coated with a thin film of gold
using a Baltec SCD 050 Sputter Coater apparatus. The
micrograph was obtained using a Jeol Scanning Electron
Microscope, model JSM 5800, connected to a secondary
electron detector and X-ray energy dispersive spectrometer
(EDS) for elemental mapping in a Noran Instrument. The
image was obtained with a magnification of 550 X.



1465Hoffmann et al.Vol. 18, No. 8, 2007

Full factorial design

Factorial design is employed to reduce the total
number of experiments in order to achieve the best
overall optimization of the system.34,35 The factorial
design shows which factors have significant effects on
the experimental response, as well as, how the effect of
one factor varies with the levels of the other factors.
Determinations of factor interactions could only be
attained using statistical designs of experiments,34,35 since
it can not be detected when the system optimization is
carried-out by varying just one factor at a time and fixing
the others.

For studying the electrochemical behavior of the
modified electrodes, the potential difference between the
cathodic and anodic peaks (ΔE) as well as the ratio
between the anodic and cathodic currents (Ipa/Ipc) would
depend on the acidity of the medium (pH), support
electrolyte concentration, scanning rate and type of
electrode. In this study, a 24 full factorial design with two
pseudo-central points was used with the aim of
determining the importance of three quantitative factors
(pH, scan rate, and electrolyte concentration) and a
qualitative one (dye compound immobilized) in order to
find the best conditions of the reversibility of the meldola
blue and toluidine blue adsorbed on the modified cellulose
acetate surface. A full 24 factorial design employed is given
in Table 1. The factor levels were coded as –1 (low), 0
(central point) and 1 (high).34,35 For data treatment, the
Statistica StatSoft 6.0 software was employed throughout
in order to obtain the effects, coefficients, standard error
of coefficients, and other statistical parameters of the fitted
models.

Results and Discussion

Characteristics of the material

The elemental EDS analysis shows high titanium
content over the cellulose acetate surface. The
determined Ti/C atomic ratio was 0.40. Figure 1 shows
the SEM and EDS images of the CA-TiO2 material. The
material seems to have a homogeneous surface, since
agglomerated titania particles were not detected (Figure
1A). From the energy dispersive image (Figure 1B) it
was possible to observe that the titania dispersion was
very uniform. The bright points observed in Figure 1B
are due to the titanium atoms (Ti Kα = 4.5 keV). With
the magnification used, the EDS image is indicating that
the metal is homogenously dispersed over the cellulose
acetate fiber.

Electrochemical characterization of chemically modified
electrodes

The immobilizations of meldola blue and toluidine
blue on CA-TiO2 were made at pH 6.0, therefore, the forms
of the immobilized dye compounds are MB+ and TB+.
Figure 2 shows the structures of organic dyes at various
pH values. The immobilizations of meldola blue and
toluidine blue on the CA-TiO2 surface occurs by an ion
exchange reaction, represented by the following reactions:

CA-TiOH + MB+  D CA-TiO-MB + H+ and
CA-TiOH + TB+  D CA-TiO-TB + H+

The amounts of meldola blue (MB+) and toluidine blue
(TB+) adsorbed onto CA-TiO2 were determined by CHN
elemental analysis, resulting in 0.054 ± 0.005 and 0.133 ±
0.004 mmol g-1, respectively.

Figures 3A and 3B show the cyclic voltammograms
for CA-TiO2 and CA-TiO2-MB and Figures 4A and 4B
the cyclic voltammograms for CA-TiO2 and CA-TiO2-TB.
The midpoint potentials, Em ([Em = (Epa + Epc )/2], where
Epa and Epc are the anodic and cathodic peak potentials,
respectively) were 113 mV for CA-TiO2-MB and 93 mV

Figure 1. CA-TiO2 micrographs. (A) SEM image; (B) EDS image.
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for CA-TiO2-TB. The small difference of the midpoint
potentials observed for the materials CA-TiO2-MB and
CA-TiO2-TB suggests that the molecules of the dyes are
probably strongly involved by electrostatic attractions
through the amines groups and/or by the nitrogens present
in the heterocycles of the dye molecules with metal oxide
dispersed over the cellulose acetate fiber.47-49

Figure 5 shows the stability of the electrodes when
several redox cycles were performed in 1.0 mol L-1 KCl

supporting electrolyte solution. The dye species
impregnated at the electrode surfaces could be leached
from the electrode during several oxidation and reduction
cycles. As can be seen, after 120 cycles for the CA-TiO2-
MB and CA-TiO2-TB electrodes, the anodic peak current
and cathodic peak current kept practically constant, using
1.0 mol L-1 KCl as supporting electrolyte and pH 7.0,
showing that the dyes were not leached out from the matrix
surface owing to their large affinities. In relation to the
cathodic peak current, the same behaviour was verified.
The studies of chemical stability indicate that the
electrodes present good performance when operating for
two days, using 8 h per day and maintained overnight in
0.01 mol L-1 KCl solution. At this condition, a decrease
of 7% was observed in the current intensities. The
electrodes can be considered as having good chemical
stability allowing their use for reasonable time without
significant variation in the response. In addition, modified
carbon paste electrodes are easily prepared and can be
obtained in a short period of time.

Full factorial design for optimization of the electrochemical
system

The optimization of voltammetric conditions to
employ a CME in an electrochemical system in order to
achieve the best conditions for reversibility will depend
on several factors, such as the acidity of medium (pH),
the support electrolyte concentration, scan rate (mV s-1),
the kinds of chemically modified electrodes, the
temperature, etc. The optimization of all these variables
using the univariate procedure is very tedious, because
there is the need to vary a factor one at a time and fixing
the others. The disadvantage of this univariate procedure
is that the best conditions could not be attained, because

Figure 3. Cyclic voltammograms for: (A) CA-TiO2 and (B) CA-TiO2-
MB, in scan rate at 10.0 mV s-1, pH 7.0 and 1.0 mol L-1 KCl solution.
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Figure 4. Cyclic voltammograms for: (A) CA-TiO2 and (B) CA-TiO2-
TB, in scan rate at 10.0 mV s-1, pH 7.0 and 1.0 mol L-1 KCl solution.
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Figure 2. Structural formulas of meldola blue (A) and toluidine blue (B)
in function of pH.
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the interactions among all the factors have been neglected.
In addition the total number of experiments to be carried-
out in the univariate procedure is much higher when
compared with statistical design of experiments.

In this work, a 24 full factorial design with two pseudo-
central points (n=20 experiments) for the electrochemical
system (Table 1) was performed. The factors chosen for
the optimization procedure are those that could affect the
reversibility of electron transfer, such as: pH of the
solution, KCl concentration (mol L-1), scan rate (mV s-1),
and type of organic dye immobilized on the matrix (Ca-
TiO2-MB and CA-TiO2-TB). Two responses of the system
were investigated: the peak potential separation, ΔE
[ΔE = Epa - Epc] (see Table 1) and current ratio, Ipa/Ipc (where
Ipa and Ipc are the anodic and cathodic current intensities,
respectively), (see Table 1). The parameters were analyzed
using the Statistica StatSoft 6.0 software, which calculates
the main and the interactions among the factors, the
standard error of the coefficients and the probability of
each term.

By analyzing Table 2 (peak potential separation
response, ΔE), it was verified that two main factors and
two interactions were significant at a 5% of probability
level (p < 0.05). All the effects and interactions that
presented probability lower than 0.05 were significant.

Table 1. Optimization of the electrochemical system using 24 factorial design with two pseudo-central points (20 experiments)

Factors

Experiment A B C D ΔE / mV Ipa/Ipc

1 –1 –1 –1 –1 444 0.955
2 1 –1 –1 –1 121 0.956
3 –1 1 –1 –1 215 0.987
4 1 1 –1 –1 223 0.956
5 –1 –1 1 –1 171 0.935
6 1 –1 1 –1 314 0.954
7 –1 1 1 –1 496 1.006
8 1 1 1 –1 359 0.987
9 –1 –1 –1 1 611 1.002
10 1 –1 –1 1 333 1.008
11 –1 1 –1 1 171 0.975
12 1 1 –1 1 193 0.975
13 –1 –1 1 1 703 0.965
14 1 –1 1 1 678 1.002
15 –1 1 1 1 460 0.965
16 1 1 1 1 496 1.001
17 0 0 0 –1 444 1.003
18 0 0 0 1 551 0.987
19 0 0 0 –1 352 1.003
20 0 0 0 1 528 0.972

Levels

Factors –1 0 1

A pH 3.0 5.0 7.0
B KCl concentration / (mol L–1) 0.2 0.6 1.0
C Scan rate / (mV s–1) 10.0 30.0 40.0
D Type of electrode CA-TiO2-MB CA-TiO2-TB

Figure 5. Peak currents for (A) CA-TiO2-TB and (B) CA-TiO2-MB as
function of number of redox cycles under scan rate at 10.0 mV s-1, pH
7.0, in 1.0 mol L-1 KCl solution. ( ) cathodic peak current. ( ) anodic
peak current.
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The significant main effects and interactions were (p <
0.05): C, D, interactions B×D and A×B×C where A: pH;
B: KCl concentration; C: scan rate (mV s-1) and D: type
of electrode (Ca-TiO2-MB and CA-TiO2-TB). All other
interactions presented probability higher than 5% being
not significant. In addition, the adjusted statistical model
for ΔE using the chemically modified electrodes could be
expressed by the equation:

ΔE= 374.25 + 85.37×C + 79.25×D
-78.00×B×D -53.12×A×B×C

Being the values of the factors coded, and its levels
valid only for the levels described in Table 1. The
positive values of effects meant that an increase in their
levels leaded to an increase in separation potentials of
anodic and cathodic peaks (ΔE) leading to a worst
reversibility results, since the aim of this work it to
attain the minimum value of separation potential
between anodic and cathodic peaks, on the other hand,
the negative values of the effects, lead to a diminution
of the response (ΔE), when their levels were increased,
suggesting that better reversibility conditions could be
attained.

In Figure 6 is presented the Pareto Chart of
standardized effects at p = 0.05. All the standardized effects
were in absolute values. All the values that presented an
absolute value higher (p = 0.05), which were located at
right of the dash line, were significant. The absolute
standardized value of the effect of each factor and its
interaction appeared at the right of each bar.

Analyzing the graph of Figure 6 and the values of
Table 2, it can be inferred that the scan rate of the
voltammogram was the most important variable of the
overall optimization of the system. According to the
theory of cyclic voltammetry, in a reversible electrode
process, the peak potential, Ep, is independent of scan
rate.50 At the same time, in a totally irreversible process
there is a linear relationship between the peak potential

and the logarithm of the scan rate. This behaviour can
be attributed to the fact that electron transfer of the
mediator is slow, favouring a more reversible system
at lower scan rate. Although the electrode processes
were diffusion controlled, the rate of charge transport
and the electrode reaction were rather slow. Because
of the slow rates of charge transport, when the potential
was scanned at a low rate, the electrode reaction could
reach completion, and the cyclic voltammogram
exhibited nearly reversible features. But when potential
was scanned at higher rates, the electrode reaction could
not reach completion in time: hence, the cyclic
voltammogram exhibited quasi-reversible or
irreversible features, and this electrode process was
controlled by both the electrode reaction and mass
diffusion.

The second important factor for overall optimization
of the electrochemical system was the type of chemically
modified electrode. The positive value of its coefficient,
meant that the when the chemically modified electrode
was changed from CA-TiO2-MB to CA-TiO2-TB the
separation between the anodic and cathodic peaks was
increased, i.e., the reversibility was worsen. This result
indicates that the meldola blue is a better electrochemical
mediator when compared with toluidine blue. Observing

Table 2. Factorial Fit: ΔE versus pH; electrolyte concentration; scan rate;
type of electrode

Term Effect Coefficient S.E. of Coefficient P

Constant 374.25 11.85 0.000
Main effects
A –69.25 –34.62 11.85 0.100
B –95.25 –47.63 11.85 0.057
C 170.75 85.37 11.85 0.019
D 158.50 79.25 10.60 0.017
Interactions of two factors
A×B 51.50 25.75 11.85 0.162
A×C 73.50 36.75 11.85 0.090
A×D 8.00 4.00 11.85 0.768
B×C 81.50 40.75 11.85 0.075
B×D –156.00 –78.00 11.85 0.022
CvD 86.50 43.25 11.85 0.068
Interaction of three factors
A×B×C –106.25 –53.12 11.85 0.046
A×B×D 38.75 19.38 11.85 0.244
A×C×D –6.75 –3.37 11.85 0.803
B×C×D –42.75 –21.37 11.85 0.213
Interaction of four factors
A×B×C×D 46.50 23.25 11.85 0.104
central point 94.50 22.49 0.025

Factors
A pH
B Electrolyte concentration
C Scan rate
D Type of electrodeFigure 6. Pareto chart plot of standardized effects at p = 0.05.
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Figure 2, the meldola blue presents three arene rings plus
one heterocycle aromatic ring, on the other hand toluidine
blue presents only two arene rings plus one heterocyle
aromatic ring. Higher is the number of aromatic rings
better is the electron transfer in electrochemical
reactions.51

The third important factor in order of importance
for overall optimization of the electrochemical system
was the interaction of two factors B×D ([KCl] × type of
electrode). The interaction between these two factors is
antagonistic, i.e., when the KCl concentration was
changed from the lower level (–) to its higher level (+)
and the electrode was changed from meldola blue to
toluidine blue, the ΔE becomes lower relative to the
sum of peak separation for isolated changes in these
factors. In this way, with a simultaneous change in KCl
concentration from 0.2 to 1.0 mol L-1 and a change in
type of electrode from Ca-TiO2-MB and CA-TiO2-TB
an decrease in the peak separation of about -156 mV
below that owing to the principal effects, -95.25 +
158.50 = 63.25 mV is observed. Only multivariate
procedures can detect interaction effects. This
information would not be acquired in a univariate
optimization of the electrochemical system.

The fourth important factor was the interaction of
three factors A×B×C (pH × KCl concentration x scan
rate). It should be stressed the importance of the
factorial design to achieve the best conditions of the
reversibility of the electrochemical system. If the
optimization of system were carried-out in a univariate
mode, a small increase of pH solution with a small
increase in the electrolyte solution associated with a
small increase in the scan rate (changes provoked by a
possible drifting of the potentiostat) would lead to a
misinterpretation of the results achieved with the
univariate procedure. Probably the experimenter would
remake all the measurements, because one would not
perceive that the synergistic effect caused by a small
variation of these factors together would lead to an
unexplained improvement in the ΔE. These results
could not be explained using the univariate procedure
of optimization of the system.

For the Ipa/Ipc ratio response, it was observed that
no effect values appear to be significant at the 95%
confidence level except for the B×D and A×B×C
interactions that influence significantly. Both chemically
modified electrodes CA-TiO2-MB and CA-TiO2-TB
presented an Ipa/Ipc ratio response close to the unity
(see Table 1), being both chemically modified electrodes
suitable for being employed as electrochemical
mediators.

Application of CA-TiO
2
-MB as amperometric sensor for

NADH determination

The electrochemical oxidation of β-nicotinamide
adenine dinucleotide (NADH) is of great interest since
there is a very large number of dehydrogenases that
require this cofactor in their enzymatic reactions.
NADH dependent dehydrogenases catalyse the
oxidation of compounds such as aldehydes, alcohols
and carbohydrates that are of immense interest in
analytical chemistry.52

After optimizing the best reversibility condition
using statistical design of experiments, the
electrocatalytic properties of CA-TiO2-MB electrode
were investigated for NADH determination using cyclic
voltammetry. Figure 7 reveals the electro-catalytic
properties of CA-TiO2-MB to oxidize NADH (7.69 ×
10-4 mol L-1) at scan rate of 10.0 mV s-1, in a medium,
containing 1.0 mol L-1 KCl as supporting electrolyte
and keeping the pH at 7.0. As can be seen, at –0.07 V
versus SCE, an anodic wave was shown, indicating the
electrochemical oxidation of NADH. The curves
obtained with NADH added to the electrolyte solution,
in comparison with that without NADH, shows that the
anodic wave of the mediator is increased while the
cathodic wave is decreased, according to the reported
mechanism for electrocatalytic oxidation of NADH by
this kind of mediator.53

Chronoamperometric experiments were carried out
in order to verify if the CA-TiO2-MB electrode could
be employed as an amperometric sensor for NADH
determination. Eap was chosen by measuring the
intensities of jpa for an NADH concentration of 7.69  ×
10-4 mol L-1 at  pH 7.0 in 1.0 mol L-1 KCl. The

Figure 7. Cyclic voltammograms for CA-TiO2-MB electrode obtained in
the absence (—) and presence of 7.69 × 10–4 mol L-1 NADH (---). Mea-
surements made with a scan rate of 10.0 mV s-1, pH 7.0, in 1.0 mol L-1

KCl solution.
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investigation showed that the highest intensity of jpa

was observed for potential values higher than 0.01 V
and its potential was set at 0.02 V vs SCE. Figure 8
shows chronoamperometric curves obtained for CA-
TiO2-MB for various NADH concentrations (up to 1.82
× 10-3 mol L-1). As can be seen, increasing concen-
trations of the NADH leaded to increasing density of
currents, indicating that a higher amount of this
substract was oxidized when its concentration were
increased. Therefore, the modified electrode CA-TiO2-
MB could be successfully employed for NADH
determinations.

The analytical calibration curve achieved for NADH
determination using the modified electrode CA-TiO2-MB
and applying an anodic potential Eap = 0.02 V vs SCE
were: jpa = 1.29 (± 0.24) + 15023.56 (± 270)[NADH] (r2 =
0.9968, n = 12) where jpa is the anodic current density
(μA cm-2) and [NADH] is the NaDH concentration (mmol
L-1). The achieved detection limit (3 standard deviation
of the blank divided by the slope of calibration curve)
was 0.1 μmol L-1, presenting good sensitivity of this
electrode for NADH dosage.

The performance of the CA-TiO2-MB modified
electrode in comparison with other amperometric sensors
based on carbon paste electrodes for the determination
for NADH was shown in Table 3. As can be observed, the
CA-TiO2-MB modified electrode presented good
performance with low detection limit and high sensitivity,
showing the potentiality the CA-TiO2-MB modified
electrode as a sensor for NADH.

Conclusions

This study shows that the factorial design provides an
efficient approach to plan experiments involving meldola
blue (MB) and toluidine blue (TB) dyes adsorbed on
modified cellulose acetate surface for optimization of
reversibility characteristics of the adsorbed mediator. The
full factorial design used here, allowed a simultaneous
investigation of four selected factors by executing only
twenty experiments. In this way multivariate factorial
designs are more time saving than univariate ones. The
best electrochemical reversibility conditions were: using
the CA-TiO2-MB electrode, pH 7.0, 1.0 mol L-1 KCl as
supporting electrolyte, at scan rate of 10.0 mV s-1.
Afterwards, the CA-TiO2-MB was employed for NADH
determination using chronoamperometry as an
electroanalytical technique achieving a very good
detection limit (0.1 μmol L-1).

Table 3. Performance of the CA-TiO2-MB modified electrode in comparison with others amperometric sensors prepared in different solid supports for the
determination of NADH

Electrode Solid Support Linear range / Detection limit / Sensitivity / Reference
(mmol L-1) (μmol L-1) (mA cm-2 L mol-1)

CA-TiO2-MB cellulose acetate 0.05-2.0 0.1 15 this work
CPE/SNPDA Silica gel 0.04-0.8 7.1 24.2 22
SiO2/ZrO2/Sb2O5/MB sol-gel 36 24
ZPMB Phosphate 0.1-2.0 10 54
ZPNB Phosphate 0.1-2.0 5 54
SiSbMeB sol-gel 0.1-0.6 7 4.6 55
SiSbMB sol-gel 0.1-0.6 25 1.8 55
SiSbMTB sol-gel 0.4-1 42 0.5 55
CPE/SNNB Silica gel 0.01-0.52 18 56
C:ZrP:NB Phosphate 19.2-60.8 57
C:ZrP:MV Phosphate 18.4-50.9 57

Figure 8. Chronoamperograms for CA-TiO2-MB electrode in various
NADH concentrations (up to 1.82 × 10-3 mol L-1). Measurements made at
pH 7.0, in 1.0 mol L-1 KCl solution and Eap = 0.02 V vs SCE.
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