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Electrochemical and Electrocatalytic Studies of Toluidine Blue Immobilized on a Silica Gel

Surface Coated with Niobium Oxide
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O comportamento €l etroquimico do azul detoluidina (AT) adsorvido sobreasuperficiedasilica
modificada com 6xido de nidbio (SN) foi investigado, utilizando-se eletrodo de pasta de carbono
modificada. A imobilizacdo do AT sobrea SN proporcionou alta estabilidade ao el etrodo, por evitar
alixiviacdo do mediador dasuperficiedo eletrodo. O potencia formal (E°) do AT adsorvidofoi —113
mV vs. ECS, indicando um desl ocamento de aproximadamente 100 mV paraval ores mais positivos
de potenciais, comparado ao AT dissolvido em solugéo aquosa ou adsorvido em pasta de carbono.
Em solucdo com pH nointervalo entre 5 e 8 ndo foi observadanenhumadiferencanaestabilidadenem
no potencial formal do sistema. A atividade eletrocatalitica, em solugdes com pH neste intervalo,
permaneceu praticamente constante, apresentando umasensibilidadede 1,2 10*A L mol* cm2eum
K yrep 9€4,9 10°mol L. Em solucBesapH 7,0 foi observadaumarespostalinear paraconcentragéo
deNADH nointervalo entre 2,0 104 e 4,0 10° mol L aplicando um potencial de-50 mV vs. ECS.
O sensor apresentou limite de detecgdo de 3,4 10° mol L1, uma precisdo de 1,0 %, expresso em
desvio padrdo relativo para 10 replicatas e tempo de resposta de aproximadamente 2 s.

The electrochemical behavior of toluidine blue (TB) adsorbed on asilicasurface modified with
niobium oxide (SN) wasinvestigated using amodified carbon paste el ectrode. The presence of SN
gavetheelectrode high stability, avoiding theleaching out of the mediator from the el ectrode surface.
Theformal potential (E”) of the adsorbed TB was—113 mV vs. SCE, indi cating ashift of aimost 100
mV towards more positive potential values, compared to TB dissolved in agueous solution or
adsorbed on carbon paste. The stability and formal potential remained constant upon changing the
solution pH in the range 5 to 8. In these solution pH values the el ectrocatal ytic activity remained
almost constant with asensitivity of 1.2 10*A L mol* cm?and aK,,  of 4910°mol L. A linear
response range for NADH concentration between 2.0 10 and 4.0 10 mol L* at pH 7.0, with a
detection limit of 3.4 10° mol L-* was observed for the sensor. A responsetime of 2 sand aprecision
of 1.0 %, expressed as relative standard deviation for 10 replicates, were observed for the sensor
developed.
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Introduction

The eectron transfer reaction between NAD(P)H and
electrodes, modified with flavins, PQQ (pyrroloquinoline-
quinone) and similar compounds, such as phenoxazine,
phencthiazine and phenazine, has been widely exploited.>?
Many studies with organic dyes, immobilized in a carbon
paste electrode, as efficient electrocatalysts for NAD(P)H
oxidation, have been carried out by Gorton and co-workers.3#
Analternative proceduretoimmobilize mediatorsfor NADH
electrooxidation such as electropolymerization of the
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organic dye with conducting polymers, has also been
published.>® The carbon paste el ectrodes are the most used,
since their surfaces are easily renewed, present low
background current and have a wide range of working
potential.” Nevertheless, the incorporation of the speciesin
the carbon paste still needs to be improved, mainly from
stability and reproducibility aspects.®

Based on this context, materials that allow the
immobilization of mediators and biological molecules are
of great potential for sensor and biosensor devel opment.®
Several works using zeolites, clays, zirconium phosphate
and modified silica as supports for immobilization have
been published.**? Modified silica present someimportant
characterigtics, such as: high surface area, rigidity, porosity

3)2134y



496 Santos et al.

and chemical stability,®* making them promising matrices.
Although a great number of modified silicas are described
intheliterature,*** only asmall number have been devoted
to electron mediator immobilization, with the objective
of developing electrochemical sensors.

There are severa kinds of silanol and siloxane groups
on the silica surface. The silanol groups are considered to
be strong adsorption sites.'® Silanols are weakly acid
groups (pK, around 7) which can be deprotonated by
ammonia or organic amines.'’ It has been shown that this
ionization enhances the fixation of metal cations on silica
surfaces.’®? Silica based materials have attracted
considerable attention, due to the advantages which couple
the intrinsic properties of the inorganic matrix to the
particular reactivity of the modifiers.

From the electrochemical point of view, such materials
are attractive modifiers, typically for carbon paste
electrodes, because they allow bringing to the electrode/
solution interface a large variety of covalently bonded
organic functionalities, therefore preventing their leaching
from the electrode into the solution.”

The use of chemically modified silica at an electrode-
solution interface has attracted much attention, by
exploiting the versatility of silica gel in immobilizing
components such as oxides or electroative species. Silica
gel has been modified with metal oxides, especialy Ti
(IVv), Zr (1IV), V (V) and Nb (V), resulting in a support
materials for mediators immobilization.?

For biosensors based on dehydrogenases enzymes, that
correspond to the largest group of known redox enzymes,
use of an electron acceptor (NAD*/NADP*) or an electron
donor (NADH/NADPH) is necessary. However, the
necessity of a high overpotential to promote the direct
electrooxidation of NAD(P)H limits its application for
practical purposes, due to parallel reactions which lead to
interferencein the system and poison the el ectrode surface.
This problem may be solved by immobilization of electron
mediators on the electrode surface.??

Theimmobilization of the electron mediatorsin carbon
electrodesfor NADH eletrooxidation has been extensively
investigated in thelast two decades.?22* The el ectron-proton
transfer in thiskind of reaction isasubject of great interest
in many fields of science,?>? mainly in biological
systems.?”2 Many works describing electrodes modified
with mediators and dehydrogenases have been
published.?®% |n general, a lot of electrochemical
investigations on electron transfer between NADH and the
electron mediators have been carried out, in an attempt to
improve the electron transfer rate. 33

In this way, these new electrodes have shown an
improvement in the catalytic reaction of NADH,*%® as a
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result of the immobilization process on the electrode.®
The €electrodic material may affect the formal potentia of
the electroactive species and its stability depends on the
immobilization procedure.®” Therefore, investigation of the
electrocatalytic oxidation of NADH by modified silica
based el ectrodes with mediators similar to the flavinsis of
great importance.

An investigation of the use of niobium oxide modified
silica with to adsorb toluidine blue, in a strongly form, to
apply to an electrochemical study of NAD(P)H electro-
oxidation is described.

Experimental
Reagents

Silica gel (Fluka) with an average pore diameter of
6 nm; specific surface area of 520 m? g1, and particle size
of 0.05-0.2 mm, previously activated at 150 °C for 2 h, was
used. Graphite powder (99.9%, BDH), minera oil (Aldrich),
niobium pentachloride (Aldrich), nicotinamide adenine
dinucleotide, reduced form, (NADH, Sigma) and toluidine
blue (Sigma) were used with no previous treatment. The
other reagents used were of analytical grade.

Preparation of niobium oxide modified silica (SN)

For silicagel modification, 22 g of NbCl, (Fluka) (0.081
mol) was dissolved in 40 mL of ethanol (Merck). After that
300 mL of carbon tetrachloride was added to this solution.
In the following step, 50 g of silica was added and the
resulting mixture was refluxed for 20 h under constant
shaking. The resulting material was filtered, washed with
carbon tetrachloride and ethanol and dried for 4 h at a
temperature of 140 °C. Thedried material wasimmersedin
doubly distilled water for several hours. The final product
wasdried at 100 °C for 4 h. It is denominated SN.

Toluidine blue adsorption on SN

Initially, 500 mg of SN was added to 20 mL of a0.1%
(w/v) toluidine blue solution. This mixture was shaken for
2 h, and then filtered. The solid was washed with distilled
water and dried at room temperature for two days. The
final product of this reaction was denominated as SNTB.

Material characterization
The quantity of niobium grafted onto the silica gel

was determined by X-ray fluorescence, using a Tracor
model 5000 spectrometer from Spectrace.
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The specific surface area of the silica was determined
by the BET method, using a Micromeritics FlowSorb 11
model 2300.

The quantification of toluidine blue adsorbed on the
silica surface was carried out by elemental analysis, using
a Perkin Elmer-2400 Elemental Analyzer.

Preparation of the modified carbon paste electrode

For the electrode preparation, 20 mg of SNTB and 20
mg of graphite powder were mixed and homogenized. After
that, a small amount of mineral oil was added and mixed
until a homogeneous paste was obtained. This paste was
placed into the cavity of a glass tube with 5 mm internal
diameter, obtaining the modified carbon paste electrode,
CPE/SNTB.

Electrochemical measurements

The electrochemical study of SNTB and electro-
catalytic oxidation of NADH were carried out with a
PGSTAT10 potentiostat from Autolab, using a conven-
tional three electrode electrochemical cell, with asaturated
caomel electrode, SCE (Corning, St. Louis, USA) as the
reference, a platinum wire as auxiliary and the modified
carbon paste electrode as working electrode.

Resultsand Discussion

Although NDCI, is insoluble in carbon tetrachloride,
prior addition to ethanol produces a partialy substituted
NbCI, (OCH,), species, which is soluble in the reaction
medium. The equations that describe the reactions of the
silica modification can be represented as:

n=SiOH + Nb(OC H,), — (=Si0) Nb(OC H,), ,
+nC,H.OH @)

(=Si0) Nb(OC,H,),, +(5-n)H,0—> (=Si0) Nb(OH), .
+ (5-n)C,H,OH @

The amount of niobium oxide coated on the silica gel
surface, determined by X-ray fluorescence spectrometry,
was 1.4 mmol g?. This amount is higher when compared
with the results described in the literature,? for other metal
oxides like titanium and zirconium.

The hydroxyl groups of niobium oxide are known to
be acidic, which should be responsible for adsorption of
toluidine blue.

The specific surface areas for the pure and niobium
oxide modified silica gel were obtained by the multipoint
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BET method. After the modification, the silicagel surface
showed a small decrease, 496 + 7 m? g, compared to the
initial area, 520 + 8 m? g*. This decrease is related to the
blocking of smaller pores of silicaduring the modification
process, as well as the coal escence of some pores.

The amount of toluidine blue adsorbed on the modified
silica surface, obtained by elemental analysis, was
59 umol g?, similar to that observed in the literature® for
other phenothiazines.

Electrochemical properties of CPE/SNTB

Figure 1(A) showsthe cyclic voltammogram of a CPE/
SN e ectrode, and no redox peak was observed, while Figure
1(B) shows the cyclic voltammogram of a CPE/SNTB
sensor, which presents aredox couple of the mediator with
aformal potential (E”) of =113 mV vs SCE. E°= (Epa +
Epc)/2where E  isthe anodic peak potential and E  isthe
cathodic peak potential .** Comparing this formal potential
with those obtained for toluidine blue in agueous solution
(<210 mV vs SCE™), ashift of 97 mV towardsmore positive
values is observed. Comparing the formal potential of
—200 mV vs SCE obtained for toluidine blue adsorbed on
carbon paste,** a shift of 87 mV towards more positive
values is observed. This behavior suggests a stronger
interaction between the reduced form of TB and the matrix
than with the oxidized form. A possible explanation for
this behavior can be assigned to either the acidity of the
material or an interaction of the nitrogen atom of the
mediator with SN.*> Similar behavior was verified for
phenoxazine, phenothiazine and phenazine adsorbed in
zirconium phosphate® and titanium phosphate.*

The electron transfer of TB on the electrode is an
important aspect to be considered in the system, as can be
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Figure 1. Cyclic voltammograms obtained with CPE/SN (A) and
CPE/SNTB (B) sensors, in a 0.5 mol L* KCI solution, pH 7.0, for a
scan rate of 10 mVs™.
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Table 1. Peak separation, AE, and formal potential, E°, obtained for the CPE/SNTB sensor in different supporting electrolytes at concentrations

of 0.5 mol L%, pH 7.0, for a scan rate of 10 mV s?

Licl KCl BaCl, cacl, NaCl NaNo, Na,S0, NaClO,
AEp (mV) 120 120 130 130 125 130 130 135
EY (mv)  -113 -113 -115 -115 -114 -116 -116 -130

observed by the peak separation, even at alow scan rate.
For ascanrateof 10 mV s?, apeak separation, AE,, of 120
mV was verified, indicating that the electron transfer is
not fully reversible. This behavior can be assigned to the
ohmic drop of the carbon paste prepared with SNTB.
Probably the electron transfer is due to electron hopping.

Observing thedataof Table 1, no influence of the nature
of the supporting electrolyte is verified, except for
perchlorate, which presented a midpoint potential of
—130 mV vs SCE. This behavior can be attributed to the
great affinity of perchlorateion for the quaternary nitrogen
in the amine compound.*® The competition between SN*647
and the perchlorate for interaction with the nitrogen of the
organic dye may minimizethe effect of the matrix, causing
a smaller shift in the formal potential.

The peak separation, AE, (AEp = Epa-EpC) for all
supporting electrolytestested was almost the same, between
120 and 135 mV, Table 1. Probably the reduced and
oxidized forms of the mediator interact in the same way
with different supporting electrolytes.

Experiments carried out in different concentrations of
the supporting electrolyte showed that, for values higher
than 0.1 mol L, no significant influence was observed in
the peak separation or current level. Thisbehavior suggests
the good mobility of the ions maintaining the
electroneutrality of the electrode surface. However, the
redox process is not fully reversible. Resistance of the
carbon paste could be responsible for this behavior.

A great stability of TB immobilized on SN was
observed, cycling the CPE/SNTB electrodefor many times
with a scan rate of 10 mV s?. The current level remained
amost constant (Table 2), indicating that the mediator
does not leach out from the electrode surface, even after
severa hours.

Table 2. Peak current observed for the CPE/SNTB sensor after suc-
cessive cyclic voltammograms, in 0.5 mol L1 KCI solution, pH 7.0,
for a scan rate of 10 mVs?* over the potential range between -0.3 and
02V

Cycle 10 20 30 40 50 80 100
j/(uA cm? 358 358 359 358 359 360 360

Another important aspect of this sensor that should be
emphasized is the linear correlation between the peak
current and the square root of the scan rate (Figure 2) over
the range of 5-100 mV s?. This behavior is similar to that
observed for the diffusion controlled process.”® Since no
loss of the mediator was observed even after long period,
indicating that TB is strongly adsorbed on SN, the
diffusion of the ions of the supporting e ectrolytes could
be the responsible for electroneutrality maintenance on
the electrode surface. Thisbehavior is often observed when
inorganic materials, such as silica or metallic phosphate,
is mixed in carbon paste.* However, no influence of
diffusion of electrolyte was observed, suggesting theohmic
drop in the electrode is due to the electron hopping
mechanism.
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Figure 2. Dependence of the peak current as a function of the
square root of the scan rate obtained for CPE/SNTB sensor in
0.5 mol L*KCI solution at pH 7.0.

The formal potential of TB adsorbed on SN was
independent of the solution pH from 5.0 to 8.0 (Table 3).
This behavior in the formal potential has been attributed
to the matrix effect, minimizing the influence of solution
pH on the adsorbed dye. However, for pH lower than 5.0, a
shift of E° to more positive potentials is observed,
suggesting that the protection effect of the matrix is
ineffectivefor higher concentrations of H*. Thisinvariance
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of E” between pH 5 and 8 may be attractive for pratical
aspects and mechanism studies of the reaction between
NADH and TB adsorbed on SN. Minimizing the influence
of [H*] on the redox process of SNTB, the NADH electro-
oxidation would be affected only by the formal potential
of NADH. Thisaspect isvery important to verify the effect
of thethermodynamic driving force on the reaction between
NADH and TB.

Table 3. Formal potential, E®, and peak separation, AEp, as a func-
tion of the solution pH, obtained for the CPE/SNTB sensor at a scan
rate of 10 mV s?

pH AEp/ mV E®/mV
2.0 90 -80
3.0 90 -85
4.0 100 -100
5.0 120 -110
6.0 120 -110
7.0 120 -113
8.0 120 -113

Sudy of the NADH electro-oxidation

Electrocatalytic NADH oxidation has been possible
through the use of electron mediators at about -300 mV vs
SCE* at pH 7.0 in solution or when immobilized in
conventional electrodes. However, there is a great interest
in finding other mediators or procedures to immobilize
them on el ectrode surfaces, which can result in an increase
in the reaction rate. A linear relationship between k  and
the formal potential of the immobilized mediator has been
observed.* An increase in k , as a consequence of the
formal potential shift to more positive values at constant
pH, is expected.®® The invariance of the formal potential,
around —110 mV vs SCE, from pH 5 to 8, makesthis sensor
an interesting instrument for the study of the reaction
mechanism between NADH and TB.%! Previous studieswith
adsorbed mediators showed a mechanism that involves 2
electron-1-proton, indicating that the k ,_is very
dependent on the solution pH. This dependence is not
fully explained, but it could be aresult of the shift of the
formal potential of NAD*/NADH and immobilized
mediator, affecting the thermodynamic potential of the
reaction/catalysis with an inherent dependence on solution
pH.*® Therefore, a behavior study of the electrocataytic
oxidation of NADH by mediators capable of improving
the rate of electron transfer in this reaction, using the
resources of on electrochemical technique, becomes of
great importance.

The CPE/SNTB sensor promoted the electrocatalytic
oxidation of NADH, as is clearly observed from cyclic
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voltammograms in the absence (Figure 3A) and in the
presence (Figure3B) of 1.0 103 mol L-* NADH. Theapplied
potential dependence on the electrode response obtained
foral.0 10° mol L*NADH solution isshownin Figure 4.
The electrooxidation of NADH beginsat -200 mV vs SCE
and reaches a maximum response at =50 mV vs SCE. The
influence of the solution pH onthe NADH el ectrooxidation
is very important to obtain new information about the
mechanism of this reaction. At solution pH from 5to 8 the
response remained constant (Table 4), in accordance with
the invariance of the formal potentia for the experiment
carried out with the CPE/SNTB electrode.

The system presented the best response in a phosphate
buffer solution, as can be observed in Table 5. A possible
explanation for this behavior can be the formation of a
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Figure 3. Cyclic voltammograms obtained with CPE/SNTB sensor,
in the absence (A) and in the presence (B) of 1.0 10° mol L** NADH
in 0.5 mol L* KCI solution a pH 7.0, for a scan rate of 10 mV s.
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Figure 4. Dependence of the electrocatalytic current as a function
of the applied potential, obtained for the CPE/SNTB sensor in the
presence of 1.0 10 mol L* NADH in a 0.5 mol L**KCI solution, pH
7.0.
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Table 4. Effect of the solution pH on NADH electrooxidation, using
the CPE/SNTB sensor in the presence of 1.0 10 mol L** NADH
solution prepared in 0.5 mol L* KCI solution, with an applied po-
tential of -50 mV vs SCE

pH AjluA cm?
5.0 14.2
6.0 14.2
6.5 14.1
7.0 14.2
7.5 14.1
8.0 14.1

Table 5. Catalytic current for NADH (1.0 10° mol L)
electrooxidation in different buffer at pH 7.0 with an applied poten-
tial of =50 mV vs. SCE, obtained for CPE/SNTB sensor

Buffer AjluA cm?
Phosphate 17.5
Tris 13.3
Hepes 9.2
Pipes 8.3

compound between NADH and phosphate, such as an
adduct with the NADH oxidation becoming easier.5
The catalytic current as a function of NADH
concentration is presented in Figure 5 and clearly shows a
good linear relationship in the concentration range between
2.010*t04.0 10° mol Lt with asensitivity of 1.2 10*A L
mol* cm2 Thelinear equation isfitted by j = 5.13(+0.42)
10° + 12.2(+0.16) 102 [NADH], with a correlation
coefficient of 0.9992 for n=9, wherej isthe current density
giveninuA cnmr?2 and NADH concentration isin mmol L.
The detection limit at the optimized conditions is
3.410° moal L, considered as three times the noise with a
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Figure 5. Analytical curve obtained with the CPE/SNTB sensor,
applied potential of -50 mV vs SCE in 0.5 mol L phosphate buffer
solution at pH 7.0.
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precision of 1.0 %, expressed asrelative standard deviation
for 10 replicates. The electrode response time was about 2
s, which is defined as the time necessary for the catalytic
current to reach the maximum response. Considering the
saturation region of the analytical curve (concentration
range from 4.0 10 up to 7.0 10° mol L), a double
reciproca graph was plotted and the apparent Michaelis-
Menten constant, K, . was estimated as being 4.9 10°
mol L. This vaue is quite low, when compared to other
systems, such as meldola blue adsorbed on graphite® and
nile blue adsorbed on zirconium phosphate’’. However, it
is similar to meldola blue adsorbed on SN,* 6.1 10° mol
L. This low value of the apparent Michaelis-Menten
constant suggests the great affinity of SNTB for NADH
may be due to charge transfer complex formation. Since
the formal potential of TB adsorbed on SN is constant
from pH 5 to 8, an increase in the el ectro-oxidation due to
the NADH redox couple shift of 30 mV per pH unit towards
more negative potentials would be expected, increasing
the thermodynamic driving force. This behavior suggests
that solution pH affects the charge transfer complex
formation, minimizing the thermodynamic driving force
effect. The catalytic current reaches a maximum in about
2s. Thissensor a so presented stability for accomplishment
of more than 300 samples without significant change.

Conclusions

The use of the niobium oxide modified silica gel to
immohilize TB presentsgreet potentia to devel op new sensors
for NADH as well as to investigate the behavior of NADH
electro-oxidation. This sensor presented good stability asthe
current level remained almost constant even after a long
period of use, confirming the strong adherence of the dyein
the matrix. A high electrocatalytic activity for NADH
oxidation was observed, which might be explained for the
shift of E° towards amore positive vaue. This shift of E° for
TB adsorbed on SN, in combination with the invariance of
the formal potentia from solution pH of 5 to 8, made this
Sensor very attractive to study the mechanism of the reaction
between NADH and adsorbed TB. In the present study good
evidencethat themechanismisgoverned by athermodynamic
driving force and charge transfer complex formation were
verified. This will contribute to shedding new insights into
NADH oxidation by the e ectron mediator modified electrode.
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