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Abstract

Clay-modified electrodes (CLMEs) have received attention in the development of electrochemical sensors and biosensors.
This article reviews the use of CLME for these electroanalytical purposes. It includes an introduction to the structure of cationic
and anionic clays, an overview of electron transfer occurring at CLME, and of the different modes of preparation of CLME. The
analytical applications reported for CLME range from the preconcentration method applied to the detection of cationic species
(i.e., metal cations) or organic molecules (i.e., water pollutants and drugs), to electrocatalytic sensors involving intercalated
redox mediators in the electrochemical detection process, and finally to amperometric and potentiometric biosensors. Several
enzymes have been immobilized within clay matrices and amperometric biosensors based on CLME are presented following the
three modes of detection referred to as first, second, and third generation of biosensors, depending on the nature of the enzymes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A "chemical sensor is a small device that, as the
result of a chemical interaction or process between
analyte and the sensor device, transforms chemical or
biochemical information of a quantitative or qualita-
tive type into an analytically useful signal" (Stetter et
al., 2003). All chemical sensors contain two basic
components: a chemical recognition system (receptor)
and a transducer. Biosensors are chemical sensors in
which the recognition system uses a biological
mechanism instead of a chemical process. A trans-
ducer transforms the response measured at the
receptor into a detectable signal. Among all the
chemical sensors reported in the literature, electro-
chemical sensors are the most attractive because of
their remarkable sensitivity, experimental simplicity,
and low cost. The signal from the transducer can be a
current (amperometry), a voltage (potentiometry), or
impedance/conductance changes (conductimetry).

Chemical layers can be used for importing a high
degree of selectivity to electrochemical transducers.
Chemically modified electrodes (CMEs) provide one
approach to the development of these analytical
devices. CMEs are important constituents of both
immobilized reagent systems and sensitive layers. In
trace analysis, during the accumulation reaction,
CME:s preconcentrate the analyte into a small volume
on the electrode, allowing lower concentrations to be
measured than possible in the absence of a precon-
centrated step (adsorptive stripping voltammetry).
CME can also be applied to electroanalysis because
of their own electrocatalytic properties and/or their
capacities to immobilize electrocatalytic or biocata-

Table 1
Composition of clay types used at clay-modified electrodes

lytic (enzyme) reagents that improve the sensitivity
and selectivity of the detection step.

The majority of modified electrodes can be
obtained by chemisorption, covalent bonding, and
film deposition (Murray, 1992). Among the wide
range of electrode modifiers, inorganic materials, such
as zeolites, silica-based hybrid materials, and clays,
have attracted the attention of electrochemists, in
particular for their analytical applications (Walcarius,
1996, 1998, 2001; Navratilova and Kula, 2003).

Clays can be divided into two main classes:
cationic clays that have negatively charged alumino
silicate layers; and anionic clays, with positively
charged hydroxide layers. The neutrality of these
materials is ensured by ions, cations, or anions,
depending on the clay type, in the interlayer space
that balances the charge. Cationic clays are among the
most common minerals on the earth’s surface. They
have been used for centuries to produce ceramics.
Furthermore, they find applications in pharmacy,
cosmetics, catalysts, adsorbents, and ion exchangers
(Vaccari, 1998, 1999). These last applications are
particularly useful for the development of electro-
chemical sensors. Most clays used at clay-modified
electrodes (CLME) are Smectite clays. Their names
and formula are given in Table 1 (Newman and Bown,
1987; Van Olphena and Fripiat, 1979). They can serve
as matrices for electroactive ions because they are
usually able to incorporate ions by an ion-exchange
process, like polymeric ionomers. Moreover, adsorp-
tion of proteins on clay mineral surfaces plays a very
important role not only in fields related to agricultural
and environmental sciences, but also in the develop-
ment of biosensors (Gianfreda et al., 2002). Layered

Clay type Name Idealized formula Charge (mEq/g)
Cationic, 2:1 Montmorillonite (Al,_,Mg,)Sis0,0(OH), (Nay, nH,0) 0.60—-1.00
dioctahedral Nontronite Fe3* (Sis_Al,0,0)(OH), (Nay, nH,0) 0.76
Cationic, 2:1 Hectorite (Mgs_,Li,)Si;010(OH), (Nay, nH,0) 0.44
trioctahedral Laponite (synthetic Hectorite) (Mgs. sLiy 5)Sis0,0(OH), (Nay, nH,0) 0.73
Vermiculite Mgs(Sis_ Al O10)(OH), (Nay, CaZs, nH,0) 1.20-2.00
Sepiolite (Mgs R} 3)(S 12—« RINOH)(OH,)4RY. 15 (H,0)s
Anionic Hydrotalcite [MgsAly(OH),6]CO5.4H,0 33
Layered Double Hydroxides (LDHs) ML MM OH),1X, nH,0 1.0-1.5
[Zns—Al-Cl] [Zn3Al(OH)g]CL, 2H,0 2.32

Friedel’s salt

Ca0-Al,05-CaCl,-H,0O
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double hydroxides (LHDs), also called anionic clays,
display unique physical and chemical properties
surprisingly close to the properties of cationic clays.
These synthetic anionic clays are very promising
materials for a large number of possible applications
due to their versatility, easily manipulated properties,
wide range of compositions, and low cost (Rives,
2001). They are also used as electrode modifiers.

In this contribution, the applications of cationic and
anionic clays most relevant to electroanalysis are
examined; special attention is paid to the development
of biosensors based on clay-modified electrodes.

2. Electrochemistry at clay-modified electrodes

Electron transfer at clay-modified electrode
(CLME) has been extensively studied. In the 1990s,
several excellent reviews appeared that summarized
the mechanism of electrochemistry occurring at
CLME (Baker and Senaratne, 1994; Bard and
Mallouk, 1992; Macha and Fitch, 1998; Therias and
Mousty, 1995). Electroactive species can be accumu-
lated within the clay layer at different places and only
a small fraction of these species display redox activity
(=10-30%) (Scheme 1). Indeed, a common problem
encountered when using nonconductive solids to
modify electrodes is poor charge transport. The charge
transport efficiency is related either to physical
diffusion in the channels and/or to charge hopping.
Yao et al. (1998a,b,¢) investigated, by electrochemical
quartz crystal microbalance (EQCM) measurements,
the mass transport processes through cationic and
anionic clays. Their study showed that the charge
balancing during a redox reaction was accomplished

Mesopore and channel species

HI‘

by the leaching or insertion of mobile ions at the clay-
solution interface. This phenomenon depends on the
nature and the concentration of the electrolyte, which
can cause modifications in the swelling properties of
the clays.

Charge transport within the clay film can be
enhanced by delamination processes that give less
ordered coatings and consequently allow access to the
channels. This can be achieved by different strategies,
for example, by using smaller size particles (laponite
instead of montmorillonite), pillaring agents (alumina,
silicate) to obtain a porous clay heterostructure, or by
the intercalation of molecules (surfactants or poly-
mers). As examples, we cite the recent works of Carrero
and Leon (2001), Falaras et al. (2000), and other
references cited in the CLME preparation section.

An alternative method consists of the enhance-
ment of electron hopping using electron relay. The
strategy, developed mostly by Villemure et al., makes
use of redox active cation sites within the crystal
lattice (i.e., iron, cobalt, or copper for cationic clays
and nickel, cobalt or manganese for anionic clays) to
transfer electrons from intercalated ions to the
conductive substrate (Xiang and Villemure, 1992,
1995, 1996; Qiu and Villemure, 1995, 1997; Xiao
and Villemure, 1998). Other possibilities for deliver-
ing charges can be achieved by using a conductive
polymer (polypyrrole) within the clay interlayer
(Rudzinski et al., 1988; Faguy et al., 1994) or by
using a composite conducting material (V,0s5)
(Anaissi et al., 1999).

In spite of the peculiarity of electron transfer
occurring at CLME, many applications have been
found for these modified electrodes, such as electro-
catalysts, photocatalysts, sensors, and biosensors. It

Surface adsorbed species

E—Edge adsorbed species

J_—'_] & @ ' ' Intercalated species

L 11 |

Scheme 1. Different adsorption sites at clay-modified electrode.
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should be noted that the direct electrochemistry of
heme proteins (i.e., cytochrome ¢, cytochrome P450,
myoblobin, etc.) was reported at a CLME (Lei et al.,
2000; Sallez et al., 2000; Bianco, 2002; Scheller et al.,
2002). The protein-clay films were generally prepared
by depositing a certain concentration of protein onto
the CLME. Clay modification of the electrode surface
was found to facilitate the heterogeneous electron
transfer process between the protein and the electrode
surface. The cationic clays may hold, by electrostatic
interactions, the protein in a “productive “orientation,
facilitating the fast heterogeneous redox reaction with
the electrode. The heme Fe(III)/(IT) electroactive
group of the incorporated proteins was not seriously
influenced by the interaction of the proteins with the
clay particles and proteins in clay films generally
retained their native structures. Sallez et al. (2000)
reported a detailed study on the interactions between
c-type cytochromes and clays. Different types of clay
were used: montmorillonite, kaolinite, and goethite
according to their global charge. They confirm the
role of electrostatic and hydrophobic interactions in
the electrochemical promotion of c-type cytochromes
systems. In the case of strong adsorption of these
proteins on montmorillonite, a denaturation occurs,
and consequently the metal activity is lost.

4. Electroanalysis applications

3. Clay-modified electrode preparation

The electrochemical behavior of CLME is very
dependent on the method of preparation. Clay films
have been cast by slow evaporation of colloidal
suspensions on electrode surfaces, such as platinum,
glassy carbon, indium tin oxide, and recently screen-
printed electrodes (SPE). This physical adsorption,
which remains the most widely used technique, has
the advantage of simplicity and ease. Spin coating thin
clay films and clay-carbon paste-modified electrodes
have also been widely used. A more sophisticated
strategy makes use of silane linkages to couple clay to
the underlying electrode surface (Rong et al., 1990).
Recently, the Langmuir—Blodgett method was applied
to prepare thin film of clays on electrode surfaces
(Hotta et al., 1997; Okamoto et al., 2000; He et al.,
2001a,b). In their last paper, He et al. (2003a,b)
reported that a hybrid film of chiral metal complex
and a clay were prepared by the Langmuir—Blodgett
method for the purpose of chiral sensing. Finally,
Shirtcliffe (1999) and Song and Villemure (1999)
realized electro-deposition of kaoline and montmor-
illonite using rotating quartz crystal microbalance disk
electrodes or tin-doped In,O5-coated glass substrates
TO).

Table 2 presents a compilation of the use of CLME for the electrochemical sensing of various chemicals. Table
3 focuses on biosensor applications. In both cases, a brief description of the modified electrode configuration as
well as available detection limits is given.

4.1. Preconcentration methods

The preconcentration at modified electrode is analogous to trace analysis by the electrochemical technique called
stripping voltammetry. The target analyte is accumulated from a dilute solution into the modified electrode layer and
subsequently reduced or oxidized by a linear potential sweep (cyclic voltammetry, CV) or by a pulse potential
modulation (differential pulse voltammetry, DPV; or square wave voltammetry, SWV) (Scheme 2). The detection
procedure consists of the measurement of the current as a function of the potential. This approach enhances the
sensitivity and the detection selectivity due to the barrier effect to opposite-charged interferents. Clays are excellent
ion exchangers and their ion exchange selectivity has been applied to the accumulation of charged electroactive
analytes. Preconcentration applications at CLME are summarized in Table 2. Cationic exchanging clays are
essentially used for these analytical devices. The electroactivity of the adsorbed ions depends on the soaking time of
the CLME in the analyte solution (accumulation time), on the nature and concentration of analyte, on the mode of
preparation of the CLME, on the electrolyte nature, etc.
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Table 2
Applications of clay-modified electrodes to chemical analysis
Analyte Clay CME configuration Method LoD (M) Reference
Fe*" Montmorillonite CPE DPV 4x107° Wang and Martinez, 1989
Agh Vermiculite CPE DPV model Kalcher et al., 1995
Ag" Vermiculite CPE SWV 6x107%  Svegl et al., 1998
Cu** Vermiculite CPE SWV 5x107°  Ogorevc et al., 1995
Cu?* Montmorillonite CPE DPV 4x1078 Kula and Navratilova, 1996
Cu** Laponite Langmuir-Blodgett DPV 8x107° Barancok et al., 2002
monolayer
Hg*" Vermiculite CPE SWV 6x107%  Svegl et al., 1998
Hg>" Monmorillonite CPE DPV 1x107'®  Huang et al., 2002
cd* Bentonite CPE DPV Marchal et al., 1999
Ca®" Montmorillonite Ionophore-clay polymer PISE 4x107° Wang and Chou, 2000
composite
Ru(NH;)** Montmorillonite Coating/Pt SWvV 1x10°8 Wieglos and Fitch, 1990
Cc", Fc' derivatives Laponite Coating/GCE SWV 4x107%  Labbé et al., 1994
Methyl viologen Nontronite Nafion-clay composite SWV 3%x107° Zen et al., 1996a
Methy! viologen Laponite Coating/GCE Swv 5%10°° Pecorari and Bianco, 1998
Clozapine Sepiolite CPE DPV 1x1077 Hernandez et al.,
1988a
Flunitrazepam Bentonite CPE DPV 1.3x1077  Hernandez et al.,
1988b
Aniline Sepiolite CPE DPV 1.6x1077  Hernandez et al.,
1988c
Dinocap Hectorite CPE DPV 1x10°8 Hernandez et al.,
Sepiolite 8x1071°  1988d
Tetramethrin Sepiolite CPE DPV 1.4x1077  Hernandez et al.,
1989
Bentazepam Sepiolite CPE (6\% Hernandez et al.,
1990a
Linuron Sepiolite CPE DPV 3.0x1077  Hernandez et al.,
1990b
Ephedrine Sepiolite CPE DPV 1.8x107°  Chicharro et al., 1995
Nitrobenzene Sepiolite CPE DPV 1.6x107¢  Lorenzo et al., 1988
Phenol Sepiolite CPE DPV 32%1077  Hernandez et al.,
1988e
2-Nitrophenol Bentonite CPE DPV 1.4x1077  Rodriguez et al., 1997a,b
Nitrophenol Montmorillonite Coating/GCE DPV 1x1077 Hu et al., 2001
2,4 Dichlorophenol Hectorite CPE DPV - Ozkan et al., 2002
2,4 Dichlorophenoxyaceticacid -
2,4 Dichlorophenol Hectorite Clay-sol-gel/GCE DPV 3x10°8 Ozsoz et al., 2003
Clay-sol—gel/PGE 2x10°°
2-sec-butyl-4,6-dinitrophenol  Sepiolite CPE DPV 1x107"°  Sreedhar et al., 2003
2-sec-butyl-4,6-dinitrophenol 3x1077
Ascorbic acid Montmorillonite Polypyrrole-clay CvV model Faguy et al., 1994
composite
Dopamine Nontronite Nafion/clay SWv 3%x107° Zen and Chen, 1997
Uric acid Coating/GCE 2x1077
Dopamine Nontronite Coating/GCE SWvV 6x107""  Zen and Chen, 1998
Catechol 1x107'°
Dopamine Montmorillonite Coating/Carbon fiber DPV 1x1078 Liju et al., 1999

microelectrode

(continued on next page)
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Table 2 (continued)

Analyte Clay CME configuration Method LoD (M)  Reference
Dopamine Laponite Nafion-clay composite Chrono 5x107% Lacroix et al., 1999
amperometry
Dopamine Nontronite Py-clay coating/GCE SWV 5x1071°  Zen et al., 2003
Arbutin Nontronite Coating/SPE SWv 2x1077 Shih and Zen, 2000
Amitrole Nontronite Coating/SPE SWV 3x107° Zen et al., 2001
Codeine Nontronite Coating/SPE SWV 2x10°8 Shih et al., 2002
Hypoxanthine 3x1077
Xanthine Nontronite Coating SPE SWV 7x1078 Zen et al., 2002
Uric acid 4x1077
[HeCl,>~ Montmorillonite CPE DPV 5x107%  Kula et al., 1999
[HeClJ*~ _
[HgCls]™ _
[Hg(ac)s*~ Montmorillonite CPE DpPV - Navratilova and Kula,
2000a
[AuCly]™ Vermiculite - Navratilova and Kula,
2000b
[AuCly]™ Montmorillonite CPE DPV 8x107 Kula and Navratilova, 2001
NOs3, CI7, Norah CrZO%’, Montmorillonite- Nanocomposite- PISE — Darder et al., 2003
Fe(CN)z~, CH;CO0™ chitosan graphite pellets
nanocomposite
I Friedel’ salt (LDHs) CPE DPV 6x107% Walcarius et al., 2001
cr 5x107°
NO3; [Mg-Al-X] LDHs Coated wire electrode PISE 2x10°* Ballarin et al., 2000a
SO3~ [Mg-Al-X] LDHs  Polymeric-clay coating  PISE 4x107°  Morigi et al., 2001

Cationic heavy metals have been preconcentrated at CLME. Clay carbon paste electrodes (CPEs) are generally
used for this application. Recently, a selective analysis of Cu®" was obtained at carbon microelectrode coated with
monolayers of laponite clay and polythiophene (Baran¢ok et al., 2002). The detection limits range between 10~ '°
and 10~° M, depending on the nature of the metal cations or on the clay species (Table 2). The best values reported
for copper (5% 10 M) and mercury (1x10~'° M) are lower than the European norms required for drinking water,
namely 3x107> and 5x10~° M (CE, 1998).

Cationic organometallic substances based on ruthenium (Wieglos and Fitch, 1990), cobaltocenium, and
ferrocene (Fc) (Labbé et al., 1994) were also accumulated at CLME. The cationic species were collected in the clay
films under open-circuit conditions whereas the procatonic species (ferrocene derivatives) were collected in their
cationic form by applying a positive potential. Paraquat, a herbicide also known as the dicationic methylviologen
(MV?"), has been preconcentrated at CLME (Zen et al., 1996a,b; Pecorari and Bianco, 1998). The clay that
showed the best performance is nontronite, a ferruginious smectite clay with a detection limit for MV>* 0f 0.5 ppb
(Zen et al., 1996a).

Neutral molecules such as pesticides, drugs, and purine bases have also been detected at CLME by means of
adsorption stripping technique associated with differential pulse voltammetry (DPV) or square wave
voltammetry (SWV) (Table 2). Carbon paste electrodes modified with sepiolite or bentonite give rise to
detection limits of around 10~7 M. The preanodization of CLME allowed an enhancement in the current
response by creating higher iron oxidation states in the interlayer of nontronite clay that resulted in a strong
complexing force for the substrates; this led to a decreased detection limit in the range of 107° to 107" M (Zen
and Chen, 1997, 1998; Zen et al., 2001, 2002; Shih and Zen, 2000; Shih et al., 2002). In the same way, the
enhanced current in the case of Na'-organo-hectorite was attributed to the ability of this clay to achieve
electrical neutrality upon oxidation of the dichlorophenol moiety through the facile ejection of sodium ions
(Ozkan et al., 2002). This amphiphilic heterostructured fluorohectoric has been shown to be an efficient
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Scheme 2. Preconcentration step at clay-modified electrode.

electrochemical sensor for the specific detection of 2,4 dichlorophenol when incorporated into a carbon paste
electrode (Ozkan et al., 2002) or as modifier of a glassy carbon electrode (GCE) or a single use pencil graphite
electrode (PGE) (Ozsoz et al., 2003).

The anion exchange capacity of the clay minerals is about 4-5 times lower than the cation exchange
capacity. In spite of this fact, an anion exchange of several complex anions [HgCl,]*~, [Hg(ac).]*~, and
[AuCly]” has been applied to analytical determinations of these anions (Kula et al., 1999; Navratilova and
Kula, 2000; Kula and Navratilovd, 2001). The intercalation of a cationic biopolymer chitosan in
montmorillonite provides a robust nanocomposite with anionic exchanger properties (Darder et al., 2003).
These materials have been successfully used in the development of bulk-modified electrodes applied to the
potentiometric determination of several anions with a high selectivity towards monovalent anions such as NOs,
CH5COO™, and C1.

Walcarius et al. (2001) was the first to report the use of layered double hydroxide (LDH)-modified carbon paste
electrode for anodic stripping determination. A synthetic Friedel’s salt was used as a carbon paste modifier for the
accumulation of iodide species and their subsequent voltammetric determination. Previously, [Mg—Al-X] LDHs
have been used to prepare ion sensitive electrodes for potentiometric sensing of intercalated anions species, namely
sulphate, nitrate, and chloride (Ballarin et al., 2000a; Morigi et al., 2001). Another potentiometric study of the
solubility of cationic surfactants has been developed based on laponite membrane electrodes (Baillarger et al.,
1994).

4.2. Electrocatalysis sensors

Electrocatalysis involves an electron transfer mediation between the target analyte and the electrode surface by
an immobilized catalyst, resulting in either a decrease in overpotential or an increase in peak current or both
(Scheme 3). CLMEs were used to immobilize various redox mediators and applied to electroanalysis processes. As
shown hereafter, the redox mediators, which are reversible electroactive species, can be immobilized within the
interlayer space of the clay but can also be situated within the clay structure. A mixture of both systems was also
used.

Redox mediators, i.e., hexacyanoferrate (Fe(CN)¢ ™), and cobalt phtalocyanine (CoTSPc) complexes were
incorporated inside layered double hydroxides (LDHs). Carbon paste electrode modified with the resulting [Mg—
Al-Fe(CN)¢~] was used to determine ascorbic acid (AA) within a linear range of 107%to 1073 M, following the
electrocatalytic scheme (Labuda and Hudakova, 1997):

[Mg — Al — Fe(CN)¢ " ]=[Mg — Al — Fe(CN); ] + le (1)

2[Mg — Al — Fe(CN)? "] + AA=2[Mg — Al — Fe(CN){ | + DA +2H" )



Table 3

Biosensing applications of clay-modified-electrodes

Protein Analyte Mediator redox Clay CME configuration LoD (M) Reference

First generation—Oxygen based biosensors

GOD Glucose - Laponite En-clay-GA film 1x107* Poyard et al., 1996

GOD Glucose - Laponite-PS En-clay film - Coche-Guérente et al., 1998

GOD Glucose - Laponite En-clay-GA/Nafion composite 1x10°3 Poyard et al., 1998

GOD Glucose - Laponite En-clay-poly(4vinylpyridine-co-styrene) 1x107° Poyard et al., 1999

composite

GOD Glucose [Ru(NHz)]*" Nontronite En-BSA-GA/clay bilayers 1x1073 Ohsaka et al., 1990

GOD Glucose TiO, Laponite En-clay-GA film 1.5x107° Cosnier et al., 1997b

GOD Glucose MV Montmorillonite Clay-Sandwich configuration 5x10°° Zen and Lo, 1996

GOD Glucose Ru(CN)¢" Montmorillonite ~ En-clay-BSA-GA film 1x107° Shyu and Wang, 1998

GOD Glucose Luminol Montmorillonite En-clay-GA 1x107° Ouyang and Wang, 1998

CO + CE Cholesteryl oleate — Laponite En-clay-polypyrrole composite 2%x107° Besombes et al., 1995

CO Cholesterol - Laponite En-clay-polypyrrole composite - Besombes et al., 1997

PPO Phenol - -

PPO Catechol Laponite-PS, En-clay film 5x1071° Coche-Guérente et al., 1999

PPO Phenol Laponite-PS, En-clay film 5x1071° Coche-Guérente et al., 2001

PPO Phenols Azure B Laponite En-clay-GA film 1-17x107° Shan et al., 2003c

PPO Phenols Polyazure B Laponite En-clay-GA/polymer bilayer 0.2-4x107° Shan et al., 2002

PPO Phenols - Laponite En-clay-GA film 7x1071° Shan et al., 2003b
[Zn—-Al-Cl] LDHs

PPO Cyanide - Laponite En-clay-GA film 1x1071° Shan et al., 2004a
[Zn-Al-CI] LDHs

MP + GOD + MR  Phosphate - Laponite En-clay-GA film 1x107° Mousty et al., 2001

X0 Hypoxanthine MV Montmorillonite En-Polyaniline/clay CPE 8x1077 Hu et al., 2000

CPE

Second generation—Mediator based biosensors

GOD Glucose TTF Montmorillonite En-clay-BSA-GA film 1x107* Lei et al., 1996

GOD Glucose Dopamine Nontronite En-clay-BSA-GA film 7x107° Zen and Chen, 1997

HRP H,0, Methylene green Montmorillonite En-clay-BSA-GA film 4x1077 Lei et al., 1996

991
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HRP
HRP + GOD
HRP
HRP + GOD
HRP

Diaphorase
LaDH
AIDH
LaDH + Fre

Hydrogenase

H,0,
Glucose
H,0,
Glucose
Cyanide

NADH
Lactate
Ethanol

Lactate

Hy

DHB

;;BTS

ABTS
PolyMethylene blue

PolyMethylene blue

NADH and Riboflavin

Polybutylviologen

Third generation—Directly coupled enzyme electrodes

Cytochrome C
Hemoblobin
Hemoblobin
Hemoblobin

Mioglobin
Hemoblobin
HRP

H,0,
TCA
TCA
H,0,
NO
H,0,
0,
TCA
NaN Oz

Other electrochemical biosensors

GOD

Urease

Urease

Glucose

Urea

Urea
Tetraborate

Laponite
[Zn—Cr-ABTS]
LDHs
[Zn—Cr-ABTS]
LDHs

Laponite
Laponite

Laponite

Montmorillonite
Montmorillonite
Bentonite

Montmorillonite
Montmorillonite

Bentonite

Laponite

Laponite
[Zn-Al-Cl]

En-clay-polymer composite
En-clay-GA film
En-clay-GA film
En-clay-polymer composite
En-clay-polymer composite
En-clay-polymer composite
Clay-Sandwich configuration
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Similarly, [Mg—Al-CoTSPc] LDHs present electrocatalytic activity toward the oxidation of cysteine. However,
Ballarin et al. (2002) did not successfully develop in analytical applications of [Mg—Al-CoTSPc]-modified
electrodes.

LDHs, in which Me (II) is a transition metal undergoing a redox reaction, have been proposed to improve the
charge transport of the materials. These conductive layered materials have found applications as amperometric
sensors. [Ni—Al-X]-modified electrodes have been applied to the electrocatalytic detection of mono- and
polyhydric alcohols (such as methanol, ethanol, propanol, glucose, fructose, sucrose, etc.) (Ballarin et al., 2000b;
Scavetta et al., 2002). Polyhydric compounds characterized by a greater number of oxidable groups display higher
sensitivities and narrower linear ranges.

Oyama and Anson (1986) were the first to report that the [Ru(NH;)q]’ -containing montmorillonite clay
coating electrocatalyzed the reduction of H,O, to H,O. Zen et al. (1996b) showed the electrocatalytic detection of
hydrogen peroxide at clay-modified electrodes based on nontronite that was exchanged with methylviologen
(MV?") as a redox mediator. The proposed mechanism of the catalytic reaction involves both ion-paired species of
MV?" adsorbed in excess of the cationic exchange capacity (CEC) and iron cations in the tetrahedral edge surface
of the nontronite as follows:

MV*T 4 le"MV ™' (3)
MVT + Fe*t=MV?" 4 Fe?* (4)
2Fe*" 4 H,0, + 2H'=2Fe**" + 2H,0 (5)

MV?" transfers an electron from the electrode surface to a fixed Fe’" site within the clay, which catalyses the
reduction of H,O,. Similarly, the electrocatalytic reduction of molecular oxygen has been reported at an iron-
containing montmorillonite SWy-2-MV?" carbon paste-modified electrode (Hu, 1999; Hu et al., 2000). This
modified electrode offers the possibility of developing a simple and rapid analytical method for dissolved oxygen.
More recently, nontronite has been converted into a more efficient catalyst by the in situ precipitation of lead
ruthenate pyrochlore (Py) inside the clay host matrix (Zen et al., 2003). This new material was applied to the
electrocatalytical detection of dopamine.

4.3. Amperometric biosensors

As seen in previous examples, a chemical sensor is a device that transforms chemical information into an
analytical useful signal. Biosensors are chemical sensors in which the recognition system uses a biological sensing

Clay membrane Solution

vy
4’.':

Scheme 3. Electrocatalysis at clay-modified electrode.
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element. The most popular and up to now most reliable kind of biosensors are the enzyme electrodes. The stable
immobilization of an enzyme on an electrode surface, with complete retention of its biological activity and good
diffusional properties for substrates, is a crucial problem for commercial development of biosensors. Various
methods for enzyme immobilization are reported, such as cross-linking of proteins by bifunctional reagent,
covalent binding, and entrapment in a suitable matrix. Among all the inorganic and organic matrices reported in the
literature, clays occupy a privileged place due to their hydrophilic, swelling, and porosity properties. For examples,
Besombes et al. (1995, 1997) have shown that the incorporation of laponite particles within an electrogenerated
polypyrrole matrix strongly improves the analytical performance of amperometric biosensors based on polyphenol
oxidase (PPO) and cholesterol oxidase (CO). Similarly, we have observed that laponite matrix improved the
analytical characteristics and the long-term stability of biosensors compared to the corresponding biosensors
simply obtained by the chemical cross linking of glucose oxidase (GOD) or polyphenol oxidase (PPO) on the
electrode surface (Cosnier et al., 1997b; Shan et al., 2003c).

The entrapment of biomolecules in clay matrix constitutes an inexpensive, fast, and easy method for the
elaboration of enzymes electrodes. The procedure consists of the adsorption of an enzyme/clay aqueous colloid
mixture onto the electrode surface. However, the lifetime of this kind of biosensor is markedly reduced by a
slow release of enzymes into solution. To overcome this problem, enzyme cross linking agents, such as
glutaraldehyde (GA) (Poyard et al., 1996), bovine serum albumin (BSA) + GA (Lei and Deng, 1996),
polymethyl methacrylate (PMMA), or poly(o-phenylenediamine) (PPD) (Shyu and Wang, 1998), have been
added in the enzyme/clay coating film. This method of deposition offers the possibility of entrapping a large and
well known amount of enzyme into the clay film and can be adapted not only for classical electrodes (Pt, glassy
carbon electrode, transparent electrode) but also for interdigited microelectrodes (Senillou et al., 1999) or pH-
sensitive field effect transistors (pH-FETs) (de Melo et al., 2002).

The clay sandwich method has also been used to immobilize glucose oxidase (GOD) (Zen and Lo, 1996; Zen et
al., 1997) and hydrogenase (Qian et al., 2002). Coche-Guérente et al. (1998, 1999, 2001) adopted a polycationic
organosilasesquioxane laponite (PS) clay matrix for their biosensor development. Good knowledge of the structure
of the enzyme-octamer-laponite material allows them to propose an enzymatic kinetic model for the PPO
amplification process. Finally, Cosnier’s group developed several biosensors based on laponite-electrogenerated
polymer composites (Table 3).

Examples of amperometric biosensing applications of clay-modified electrodes have been collected in Table 3.
They are grouped following the three modes of detection reactions referred to as first, second, and third generation
(Scheme 4).

Amperometric detection of glucose dominated both analytical and fundamental studies, mainly due to the
physiological importance of this analyte, the stability of glucose oxidase, and the diversity of sensing methods
applied. GOD electrode used molecular oxygen as the oxidizing agent, as follows:

Glucose + O, GOD) gluconic acid + H,O,. (6)

The amperometric detection of glucose can be carried out via the electrooxidation of the enzymatically generated
H>0O, at a Pt electrode:

1‘1202_’2H7L + Oy + 2e” (7)
Due to the high polarizing voltage applied (£,p, = 0.6-0.8 V), interferents such as ascorbic acid and uric acid,
which are commonly present in biological fluids, can also be oxidized leading to nonspecifical signals. Several
attempts have been made to overcome this problem. Poyard et al. (1998, 1999) used clay-semipermeable polymer
composite electrodes to decrease the permeability to organic interfering compounds. Another possibility consists
of decreasing the electrode potential using redox mediators. As previously shown in the electrocatalysis part,
hydrogen peroxide can be reduced by redox mediators immobilized within CLME. Such a concept was applied to
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Scheme 4. Amperometric biosensors: (A) first generation, (B) second generation, (C) third generation.

glucose biosensors based on CLME using cationic MV?>" (Zen and Lo, 1996), ruthenium complexes (Ohsaka et al.,
1990; Shyu and Wang, 1998) associated to structural iron cations, or using TiO, underlying films (Cosnier et al.,
1997b).

The actual oxidation of glucose is carried out by the flavin-adenine dinucleotide (FAD) component of the GOD,
which is converted into FADH,. After glucose oxidation, FADH, returns to FAD in the presence of oxygen
(Scheme 4A). In the second generation of biosensors, the redox mediators (i.e., TTF or dopamine) were used as
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oxidizing agents instead of O, (Lei and Deng, 1996; Zen et al., 1997). The current flowing through the re-
oxidation of electron transfer agents at the electrode surface is therefore the amperometric measure of glucose
concentration (Scheme 4B). Similarly, bienzymatic configurations, composed of glucose oxidase, horseradish
peroxidase (HRP), and redox mediators coated on CLME, were also applied to the detection of glucose at 0.0 V
preventing any possible oxidation of ascorbate and ureate (Cosnier et al., 2000; Shan et al., 2003a). All these
examples showed that mediated determination of glucose can be performed at clay-modified electrodes with good
sensitivities and with no interferences.

In addition to the previously described amperometric biosensors, it should be noted that a peculiar GOD/
luminol/clay electrode was constructed for the detection of glucose by means of electrochemiluminescence
(Ouyang and Wang, 1998). The proposed sensing mechanism is summarized as follows:

Glucose + O, % gluconic acid + Hy0O, (8)
NH, O NH;
NH COO
NV LH +2H,0p —— 3 +N, + HyO + 2H" + hv 9)
CoOo
(6}

Finally, the immobilization of GOD on microelectrode arrays and their use for successful amperometric as well
as conductimetric detection of glucose illustrate well the potential of enzyme/clay coating for the fabrication of
conductimetric microbiosensors (Senillou et al., 1999).

Concerning hydrogen peroxide, its enzymatic detection has been reported either at mediated horseradish
peroxidase (HRP) CLME or by direct enzyme regeneration at CLME (3rd generation, Scheme 4C) (Table 3). In the
former case, the redox mediators methylene green (MG), poly 3,4 dihydroxybenzaldehyde (DHB), and 2,2’ -azinobis
3-ethylbenzothiazoline-6-sulfonate (ABTS) were co-immobilized within the clay matrix and played the role of
electron shuttle between the redox center of HRP and the electrode (Lei et al., 1996; Cosnier et al., 2000; Shan et al.,
2003a). In particular, synthetic redox active [Zn—Cr—ABTS] LDHs appeared to be efficient immobilization matrices
for HRP wiring. This biosensor attained a better detection limit (10 nM) for H,O, compared to those obtained with
other HRP biosensors based on clay or composite sol—gel matrices. On the other hand, direct electron transfer of heme
proteins (HRP, myoglobin, hemoglobin, cytochrome ¢) showed potential applications in sensors for the
determination of H,O,, as well nitrite, NO, and trichloroacetic acid (TCA) (Chen et al., 1999; Lei et al., 1999,
2002; Fan et al., 2000; Zhou et al., 2002).

Several other oxidase enzymes have been immobilized on CLME, in particular using laponite as immobilization
matrix. These biosensors have been used to detect NADH, lactate, ethanol, and also a wide variety of water
pollutants, such as phenols, cyanide, and phosphate (Table 3).

Cosnier and Le Lous (1996a,b) presented a biosensor configuration based on the entrapment of diaphorase or
dehydrogenase within laponite gel containing an electropolymerized mediator (Methylene blue, MB) for NADH
oxidation. Poly MB in the biolayer allowed an electron transfer communication between enzymes and the
electrode surface. This Poly MB/dehydrogenase/laponite-modified electrode was successfully used for electro-
enzymatic detection of lactate and ethanol via the mediated oxidation of NADH at 0 V.

A biosensor for phosphate detection has been fabricated by the co-immobilization of three enzymes with
complementary activities following the sequence illustrated in Scheme 5. The amperometric detection
corresponded to H,O, oxidation.
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Scheme 5. Phosphate biosensors based on a trienzymatic clay-modified electrode.

Different configurations of PPO biosensors based on CLME have been developed in our group, giving
rise to very sensitive (subnanomolar) determination of phenol derivatives (Table 3). Major drawback inherent
to this type of biosensors is generally their limited lifetime due to electrode fouling induced by
polymerization of unstable o-quinone, the product of the enzymatic reaction. Azure B and polyazure B film
acted as redox mediators and enabled the mediated reduction of o-quinone preventing any electrode fouling.
Consequently, the operational stability of the PPO/laponite electrode was greatly enhanced (Shan et al., 2002,
2003c).

Very recently, we have described a comparative study between the properties of two different biosensors
based on the immobilization of PPO within the two different kinds of clay matrices: one cationic (laponite)
and the other anionic (LDHs) (Shan et al., 2003b). The PPO/[Zn—-Al-Cl] LDHs biosensor showed
remarkable properties such as high sensitivity and good storage stability. The attractive analytical
characteristics of LDH-based biosensors were certainly due to the high permeability and the structure and
charge of the particles.

A large percentage of environmental pollutants are known to act as enzyme inhibitors, resulting in the
development of sensors based on the measurement of this property. From a general point of view, there
is no work described in the literature using clay-entrapped enzymes for inhibition biosensor applications.
We have developed this concept, for the first time, in particular for cyanide determination at PPO and
HRP biosensors based on LDHs’ immobilization matrix (Shan et al., 2004a,b). It should be noted that
the PPO/[Zn—-Al-CI] biosensor is more sensitive to cyanide traces (0.1 nM) than conventional procedures
based on spectroscopic or chromatographic methods. Enzyme immobilization in this anionic exchanging
clay seems to cause an increase in cyanide inhibition effects because of anion accumulation in the clay
matrix.

Hu et al. (2000) have developed a novel hypoxanthine sensor based on xanthine oxidase (XO) immobilized
within a polyaniline film. The detection is based on oxygen consumed due to the enzymatic reaction measured at a
montmorillonite-MV?>" carbon paste-modified electrode.

Finally, urea biosensors have been developed by the immobilization of urease within the two different kinds
of clay matrices: laponite and [Zn—AIl-Cl] LDHs. The transduction process was performed either by
conductimetric measurement with interdigited microelectrodes (Senillou et al., 1999) or by potentiometric
measurements with pH-FETs (de Melo et al., 2002).
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5. Conclusion

Clays offer attractive properties in designing
electrode surfaces for analytical applications due to
their stability and low cost. Ion exchange and
adsorption properties have been extensively applied
not only to potentiometric and amperometric deter-
minations of heavy metals, pesticides, and drugs, but
also to biosensor development. Clay-modified carbon
paste electrodes have generally been used for adsorp-
tive stripping sensors. A new alternative is clay-
modified screen-printed electrodes (SPE). SPE tech-
nology offers the advantages of being inexpensive,
simple, and rapid, and allows mass production of
reproducible electrodes. Another promising method to
prepare electrochemical sensors consists of the prep-
aration of single layer clay film by the Langmuir—
Blodgett method.

Concerning the clay nature, clay nanocomposites
and synthetic layered double hydroxides are materials
of increasing interest because of their structural or
functional behavior. For instance, organic-inorganic
hybrid material, like polymer-clay nanocomposites,
presents properties inherent to both types of compo-
nents. LDHs also constitute promising materials for a
large number of electroanalytical applications due to
their versability, their wide range of compositions and
preparation variables that can readily modulate their
adsorption behavior, and electrocatalysis properties in
regards to analytes and/or enzymes. Exciting future
prospects include the use of these synthetic materials
to single-use sensors and biosensors.

References

Anaissi, F.J., Demets, G.J.F., Toma, H.E., Coelho, A.C.V., 1999.
Modified electrode based on mixed bentonite vanadium (V)
oxide xerogels. J. Electroanal. Chem. 464, 48—53.

Baillarger, C., Mayaffre, A., Turmine, M., Letellier, P., Suquet, H.,
1994. Clay membrane electrodes specific to cationic surfac-
tants—applications. Electrochim. Acta 39, 813—2816.

Baker, M.D., Senaratne, C., 1994. Electrochemistry with clays and
zeolites. In: Lipkowski, J., Ross, PN. (Eds.), Electrochemistry
of Novel Materials, Frontiers of Electrochemistry. VCH, New
York, pp. 339-380.

Ballarin, B., Morigi, M., Scavetta, E., Seeber, R., Tonelli, D., 2000a.
Hydrotalcite-like compounds as ionophores for the development
of anion potentiometric sensors. J. Electroanal. Chem. 492, 7—14.

Ballarin, B., Seeber, R., Tonelli, D., Zanardi, C., 2000b. Anionic
clay modified electrode for detection of alcohols. An electro-
catalytic amperometric sensor. Electroanalysis 12, 434—441.

Ballarin, B., Gazzano, M., Hidalgo-Hidalgo de Cisneros, J.L.,
Tonelli, D., Seeber, R., 2002. Electrocatalytic activity of cobalt
phthalocyanine stabilized by different matrices. Anal. Bioanal.
Chem. 374, 891—-897.

Barancok, D., Cirak, J., Tomcik, P., Gmucova, K., 2002. Surface
modified microelectrodes for selective electroanalysis of metal
ions in environmental components. Bioelectrochemistry 55,
153-155.

Bard, A.J., Mallouk, T., 1992. Electrodes modified with clays,
zeolites and related microporous solids. In: Murray, R.W. (Ed.),
Molecular Design of Electrodes Surfaces, Techniques of
Chemistry vol. 22. Wiley and Sons, New York, pp. 271-312.

Besombes, J.L., Cosnier, S., Labbé, P., Reverdy, G., 1995.
Improvement of analytical characteristic of an enzyme electrode
for free and total cholesterol via laponite clay additives. Anal.
Chim. Acta 317, 275-280.

Besombes, J.L., Cosnier, S., Labbé, P., 1997. Improvement of
poly(amphiphilic pyrrole) enzyme electrodes via the incorpo-
ration of synthetic laponite-clay-nanoparticles. Talanta 44,
2209-2215.

Bianco, P., 2002. Protein modified and membrane electrodes:
strategies for the development of biomolecular sensors. Rev.
Mol. Biotechnol. 82, 393—-409.

Carrero, H., Leon, L.E., 2001. Electrochemically active films of
negatively charged molecules, surfactants and synthetic clays.
Electrochem. Commun. 3, 417-420.

CE, 1998. Directive du Conseil de I’Union Européenne N°98/83/CE
du 3 décembre 1998 relative a la qualité des eaux destinées a la
consmommation humaine.

Chen, X., Hu, N., Zeng, Y., Rusling, J.F., Yang, J., 1999.
Ordered electrochemically active films of hemoglobin,
didodecyldimethylammonium ions, and clay. Langmuir 15,
7022-7030.

Chicharro, M., Zapardiel, A., Bermejo, E., Perez-Lopez, J.A.,
Hernandez, L., 1995. Determination of ephedrine in human
urine by square wave voltammetry with a sepiolite-modified
carbon paste electrode. Analusis 23, 131—-134.

Coche-Guérente, L., Deprez, V., Labbé, P., 1998. Characterization
of organosilasesquioxane-intercalated-laponite-clay modified
electrodes and (bio)electrochemical applications. J. Electroanal.
Chem. 458, 73—-86.

Coche-Guérente, L., Desprez, V., Labbé, P., Therias, S., 1999.
Amplification of amperometric biosensor responses by electro-
chemical substrate recycling: Part II. Experimental study of the
catechol—-polyphenol oxidase system immobilized in a laponite
clay matrix. J. Electroanal. Chem. 470, 61—69.

Coche-Guérente, L., Labbé, P., Mengeaud, V., 2001. Amplification
of amperometric biosensor response by electrochemical sub-
strate recycling. 3. Theoretical and experimental study of
phenol—polyphenol oxidase system immobilized in laponite
hydrogels and layer-by-layer self-assembled structures. Anal.
Chem. 71, 3206—3218.

Cosnier, S., Le Lous, K., 1996a. A new strategy for the construction
of amperometric dehydrogenase electrodes based on laponite



174 C. Mousty / Applied Clay Science 27 (2004) 159—-177

gel-methylene blue polymer as the host matrix. J. Electroanal.
Chem. 406, 243-246.

Cosnier, S., Le Lous, K., 1996b. Amperometric detection of
pyridine nucleotide via immobilized viologen-accepting pyr-
idine nucleotide oxidoreductase or immobilized diaphorase.
Talanta 43, 331-337.

Cosnier, S., Fontecave, M., Innocent, C., Niviere, V., 1997a. An
original electroenzymatic system: flavin reductase-riboflavin for
the improvement of dehydrogenase-based biosensors. Applica-
tion to the amperometric detection of lactate. Electroanalysis 9,
685—688.

Cosnier, S., Gondran, C., Senillou, A., Gritzel, M., Vlachopoulos,
N., 1997b. Mesoporous TiO, films: new catalytic electrode
materials for fabricating amperometric biosensors based on
oxidases. Electroanalysis 9, 1387—-1392.

Cosnier, S., Lambert, F., Stoytcheva, M., 2000. A composite clay
glucose biosensor based on an electrically connected HRP.
Electroanalysis 12, 356—360.

Darder, M., Colilla, M., Ruiz-Hitzky, E., 2003. Biopolymer-clay
nanocomposites based on chitosan intercalated in montmor-
illonite. Chem. Mater. 15, 3774-3780.

de Melo, J.V., Cosnier, S., Mousty, C., Martelet, C., Jaffrezic-
Renault, N., 2002. Urea biosensors based on immobilization of
urease into two oppositely charged clays (laponite and Zn—-Al
layered double hydroxides). Anal. Chem. 74, 4037—-4043.

Faguy, PW., Ma, W.,, Lowe, J.A., Pan, W.P,, Brown, T., 1994.
Conducting polymer-clay composites for electrochemical appli-
cations. J. Mater. Chem. 4, 771-772.

Falaras, P., Lezou, F., Pomonis, P., Ladavos, A., 2000. Al-pillared
acid activated montmorillonite modified electrodes. J. Electroa-
nal. Chem. 486, 156—165.

Fan, C., Zhuang, Y., Li, G., Zhu, J., Zhu, D., 2000. Direct
electrochemistry and enhanced catalytic activity for hemoglo-
bin in a sodium montmorillonite film. Electroanalysis 12,
1156—1158.

Gianfreda, L., Rao, M.A., Sannino, F., Saccomandi, F., Violante, A.,
2002. Enzymes in soil: properties, behavior and potential
applications. Dev. Soil Sci. 28B, 301-327.

He, J.X., Kobayashi, K., Chen, Y.M., Villemure, G., Yamagishi, A.,
2001a. Electrocatalytic response of GMP on an ITO electrode
modified with a hybrid film of Ni(Il)-Al(III) layered double
hydroxide and amphiphilic Ru(Il) cyanide complex. Electro-
chem. Commum. 3, 473-477.

He, J.X., Kobayashi, K., Takahashi, M., Villemure, G., Yamagishi,
A., 2001b. Preparation of hybrid films of an anionic Ru(Il)
cyanide polypytidyl complex with layered double hydroxides by
the Langmuir—Blodgett method and their use as electrode
modifiers. Thin Solid Films 397, 255-265.

He, J., Sato, H., Yang, P., 2003a. Creation of stereoselective solid
surface by self-assembly of a chiral metal complex onto a nano-
thick clay film. Electrochem. Commun. 5, 388—-391.

He, J., Sato, H., Yang, P., Yamagishi, A., 2003b. Preparation of a
novel clay/metal complex hybrid film and its catalytic
oxidation to chiral 1,1"-binaphtol. J. Electroanal. Chem. 560,
169-174.

Hernandez, L., Gonzalez, E., Hernandez, P., 1988a. Determination
of clozapine by adsorptive anodic voltammetry using glassy

carbon and modified carbon paste electrodes. Analyst 113,
1715-1718.

Hernandez, L., Hernandez, P., Blanco, M.H., Lorenzo, E., 1988b.
Determination of flunitrazepam by differential-pulse voltamme-
try using a bentonite-modified carbon paste electrode. Analyst
113, 1719-1722.

Hernandez, L., Hernandez, P., Sosa Ferrera, Z., 1988c. Differential
pulse voltammetric determination of aniline with a carbon paste
electrode modified by sepiolite. Fresenius’ J. Anal. Chem. 329,
756-759.

Hernandez, L., Hernandez, P., Lorenzo, E., Ferrero, Z.S., 1988d.
Comparative study of the electrochemical behaviour of sepiolite
and hectorite modified carbon paste electrodes in the determi-
nation of dinocap. Analyst 113, 621—-663.

Hernandez, L., Hernandez, P., Sosa, Z., 1988e. Determination of
phenol by differential-pulse voltammetry with a sepiolite-
modified carbon paste electrode. Fresenius’ J. Anal. Chem.
331, 525-527.

Hernandez, P., Vicente, J., Hernandez, L., 1989. Determination of
tetramethrin (neo-pyrnamin) by differential pulse voltammetry
with a carbon paste electrode modified with sepiolite. Fresenius’
J. Anal. Chem. 334, 550—553.

Hernandez, L., Hernandez, P., Lorenzo, E., 1990a. Direct
determination of bentazepam in a biological sample with a
sepiolite-modified carbon paste electrode. Electroanalysis 2,
643 -646.

Hernandez, P., Vicente, J., Gonzales M. Hernandez, L., 1990b.
Voltammetric determination of linuron at a carbon paste
electrode modified with sepiolite. Talanta 37, 789—794.

Hotta, Y., Inukai, K., Taniguchi, M., Yamagishi, A., 1997. Electro-
chemical behavior of hexa-ammineruthenium (III) cations in
clay-modified-electrodes prepared by the Langmuir—Blodgett
method. J. Electroanal. Chem. 429, 107—-114.

Hu, S., 1999. Electrocatalytic reduction of molecular oxygen on a
sodium montmorillonite-methyl viologen carbon paste chemi-
cally modified electrode. J. Electroanal. Chem. 463, 253—-257.

Hu, S., Xu, C., Luo, J., Luo, J., Cui, D., 2000. Biosensor for
detection of hypoxanthine based on xanthine oxidase immobi-
lized on chemically modified carbon paste electrode. Anal.
Chim. Acta 412, 55-61.

Hu, S., Xu, C., Wang, G., Cui, D., 2001. Voltammetric determi-
nation of 4-nitrophenol at a sodium montmorillonite—anthraqui-
none chemically modified glassy carbon electrode. Talanta 54,
115-123.

Huang, W., Yang, C., Zhang, S., 2002. Anodic stripping voltam-
metric determination of mercury by use of a sodium montmor-
illonite-modified carbon paste electrode. Anal. Bioanal. Chem.
374, 998—1001.

Kalcher, K., Grabec, 1., Raber, G., Cai, X., Tavcar, G., Ogorevc, B.,
1995. The vermiculite-modified carbon paste electrode as a
model system for preconcentrating mono and divalent cations. J.
Electroanal. Chem. 386, 149—156.

Kula, P., Navratilova, Z., 1996. Voltammetric copper (II) determi-
nation with a montmorillonite-modified carbon paste electrode.
Fresenius’ J. Anal. Chem. 354, 692—-695.

Kula, P., Navratilova, Z., 2001. Anion exchange of gold chloro
complexes on carbon paste electrode modified with montmor-



C. Mousty / Applied Clay Science 27 (2004) 159-177 175

illonite for determination of gold in pharmaceuticals. Electro-
analysis 13, 795-798.

Kula, P., Navratilova, Z., Kulova, P., Kotoucek, M., 1999. Sorption
and determination of Hg(Il) on clay modified carbon paste
electrodes. Anal. Chim. Acta 385, 91—-101.

Labbé, P., Brahimi, B., Reverdy, G., Mousty, C., Blankespoor, R.,
Gautier, A., Degrand, C., 1994. Possible analytical application of
laponite clay modified electrodes. J. Electroanal. Chem. 379,
103—-110.

Labuda, J., Huddkovd, M., 1997. Hexacyanoferrate-anion
exchanger-modified carbon paste electrodes. Electroanalysis
9, 239-242.

Lacroix, M., Bianco, P., Lojou, E., 1999. Modified random
assembly of microelectrodes for the selective electrochemical
detection of dopamine. Electroanalysis 11, 1068—1076.

Lei, C., Deng, J., 1996. Hydrogen peroxide sensor based on
coimmobilized methylene green and horseradish peroxidase in
the same montmorillonite-modified bovine serum albumin-
glutaraldehyde matrix on a glassy carbon electrode surface.
Anal. Chem. 68, 3344-3349.

Lei, C., Zhang, Z., Liu, H., Deng, J., 1996. Studies on employing
tetrathiofulvalene as an electron shuttle incorporated in a
montmorillonite-modified immobilization matrix for an enzyme
electrode. J. Electroanal. Chem. 419, 93-98.

Lei, C., Listad, F., Wollenberger, Scheller, F.W., 1999. Cytochrome
c/clay modified electrodes. Electroanalysis 11, 274—276.

Lei, C., Wollenberger, U., Jung, C., Scheller, F.W., 2000. Clay-
bridged electron transfer between cytochrome P450.,, and
electrode. Biochem. Biophys. Res. Commun. 268, 740—744.

Lei, C., Wollenberger, U., Bistolas, N., Guiseppi-Elie, A., Scheller,
F.W., 2002. Electron transfer of hemoglobin at electrodes
modified with colloidal clay nanoparticles. Anal. Bioanal.
Chem. 372, 235-239.

Liju, Y., Yang, C.F.,, Tuzhi, P., Hangsheng, Y., Guoqing, Cong G.,
1999. Electrochemical behavior and in vivo determination of the
neurotransmitter dopamine using sodium montmorillonite modi-
fied electrodes. Electroanalysis 11, 438—442.

Lorenzo, E., Alda, E., Hernandez, P., Blanco, M.H., Hernandez, L.,
1988. Voltammetric determination of nitrobenzene with a chemi-
cally modified carbon paste electrode. Application to wines,
beers, and cider. Fresenius’ J. Anal. Chem. 330, 139-142.

Macha, S.M., Fitch, A., 1998. Clays as architectural units at
modified-electrodes. Mikrochim. Acta 128, 1-18.

Marchal, V., Barbier, F., Plassard, F., Faure, R., Vittori, O.,
1999. Determination of cadmium in bentonite clay mineral
using a carbon paste electrode. Fresenius’ J. Anal. Chem. 363,
710-712.

Morigi, M., Scavetta, E., Berrettoni, M., Giorgetti, M., Tonelli, D.,
2001. Sulfate-selective electrode based on hydrotalcites. Anal.
Chim. Acta 439, 265-272.

Mousty, C., Cosnier, S., Shan, D., Mu, S., 2001. Trienzymatic
biosensor for the determination of inorganic phosphate. Anal.
Chim. Acta 443, 1-8.

Murray, R.W., 1992. Introduction to the chemistry of molecularly
designed electrode surfaces. In: Muray, R.W. (Ed.), Molecular
Design of Electrode Surfaces, Techniques of Chemistry, vol. 22.
Wiley and Sons, New York, pp. 1-48.

Navratilova, Z., Kula, P., 2000a. Cation and anion exchange on clay
modified electrodes. J. Solid State Electrochem. 4, 342—-347.

Navratilova, Z., Kula, P., 2000b. Determination of gold using clay
modified carbon paste electrode. Fresenius’ J. Anal. Chem. 367,
369-372.

Navratilova, Z., Kula, P., 2003. Clay modified electrodes: present
applications and prospects. Electroanalysis 15, 837—846.

Newman, A.C.D., Bown, G., 1987. The chemical constitution of
clays in chemistry of clays and clays minerals. A.C.D.
Mineralogy Society Monograph, vol. 6. Wiley, London,
England.

Ogoreve, B., Cai, X., Grabec, 1., 1995. Determination of traces of
copper by anodic stripping voltammetry after its preconcentra-
tion via an ion-exchange route at carbon paste electrodes
modified with vermiculite. Anal. Chim. Acta 305, 176—182.

Ohsaka, T., Yamaguchi, Y., Oyama, N., 1990. A new amperometric
glucose sensor based on bilayer film coating of redox-active
clay film and glucose oxidase enzyme film. Bull. Chem. Soc.
Jpn. 63, 2646—-2652.

Okamoto, K., Tamura, K., Takahashi, M., Yamagishi, A., 2000.
Preparation of a clay-metal complex hybrid film by the
Langmuir-Blodgett method and its application as an electrode
modifier. Colloids Surf., A Physicochem. Eng. Asp. 169,
241-249.

Ouyang, C.S., Wang, C.M., 1998. Clay-enhanced electrochemilu-
minescence and its application in the detection of glucose. J.
Electrochem. Soc. 145, 2654—-2659.

Oyama, N., Anson, F.C., 1986. Catalysis of the electroreduction of
hydrogen peroxide by montmorillonite clay coatings on graphite
electrodes. J. Electroanal. Chem. 199, 467—470.

Ozkan, D., Kerman, K., Meric, B., Kara, P., Demirkan, H.,
Polverejan, M., Pinnavaia, T.J., Ozsoz, M., 2002. Heterostruc-
tured fluorohectorite clay as an electrochemical sensor for the
detection of 2,4 dichlorophenol and the herbicide 2,4-D. Chem.
Mater. 14, 1755-1761.

Ozsoz, M., Erdem, A., Ozkan, D., Kerman, K., Pinnavaia, T.J.,
2003. Clay/sol—gel modified electrodes for the sensitive electro-
chemical monitoring of 2,4 dichlorophenol. Langmuir 19,
4728-4732.

Pecorari, M., Bianco, P., 1998. lon-exchange voltammetry of
cationic species at membrane clay-modified electrodes.
Electroanalysis 10, 181—186.

Poyard, S., Jaffrezic-Renault, N., Martelet, C., Cosnier, S., Labbé, P.,
Besombes, J.L., 1996. A new method for the controlled
immobilization of enzyme in inorganic gels (laponite) for
amperometric glucose biosensing. Sens. Actuators, B 33, 44—49.

Poyard, S., Jaffrezic-Renault, N., Martelet, C., Cosnier, S., Labbé,
P., 1998. Optimization of an inorganic/bio-organic matrix for the
development of new glucose biosensor membranes. Anal. Chim.
Acta 364, 165—172.

Poyard, S., Martelet, C., Jaffrezic-Renault, N., Cosnier, S.,
Labbé, P., 1999. Association of a poly(4-vinylpyridine-co-
styrene) membrane with an inorganic/organic mixed matrix
for the optimization of glucose biosensors. Sens. Actuators, B
58, 380-383.

Qian, D-I., Nakamura, C., Wenk, S.O., Ishikawa, H., Zorin, N.,
Miyake, J., 2002. A hydrogen biosensor made of clay,



176 C. Mousty / Applied Clay Science 27 (2004) 159—-177

poly(butylviologen) and hydrogenase sandwiched on a glass
carbon electrode. Biosens. Bioelectron. 17, 789—-796.

Qian, D-I., Nakamura, C., Wenk, S., Wakayama, T., Zorin, N.,
Miyake, J., 2003. Electrochemical hydrogen evolution by use of
a glass carbon electrode sandwiched with clay, poly(butylviol-
ogen) and hydrogenase. Mater. Lett. 57, 1130—1134.

Qiu, J., Villemure, G., 1995. Anionic clay-modified electrodes:
electrochemical activity of nickel (II) sites in layered double
hydroxide films. J. Electroanal. Chem. 395, 159—-166.

Qiu, J., Villemure, G., 1997. Anionic clay modified electrodes:
electron transfer mediated by electroactive nickel, cobalt or
manganese sites in layered double hydroxide films. J. Elec-
troanal. Chem. 428, 165—-172.

Rives, V., 2001. Layered Double Hydroxides: Present and Future.
Nova Science Publishers, New York.

Rodriguez, I.N., Mufioz Leyva, J.A., Hidalgo Hidalgo de Cisneros,
J.L., 1997a. Use of carbon paste modified electrode for the
determination of 2-nitrophenol in a flow system by differential
pulse voltammetry. Anal. Chim. Acta 334, 167—173.

Rodriguez, I.N., Mufioz Leyva, J.A., Hidalgo Hidalgo de Cisneros,
J.L., 1997b. Use of bentonite modified carbon paste electrode
for the determination of some phenols in a flow system by
differential pulse voltammetry. Analyst 122, 601—604.

Rong, D., Kim, Y.I., Mallouk, T.E., 1990. Electrochemistry and
photoelectrochemistry of pillared clay-modified-electrodes.
Inorg. Chem. 29, 1531-1535.

Rudzinski, W.E., Figueroa, C., Hoppe, C., Kuromoto, T.Y., Root,
D., 1988. Polypyrrole-clay modified electrodes. J. Electroanal.
Chem. 243, 367-378.

Sallez, Y., Bianco, P., Lojou, E., 2000. Electrochemical behavior of
c-type cytochromes at clay-modified carbon electrodes: a model
for the interaction between proteins and soils. J. Electroanal.
Chem. 493, 37-49.

Scavetta, E., Berettoni, M., Giogetti, M., Tonnelli, D., 2002. Electro-
chemical characterization of Ni/Al-X hydrotalcites and their
electrocatalytic behaviour. Electrochim. Acta 47, 2451-2461.

Scheller, F.W., Wollenberger, U., Lei, C., Jin, W., Ge, B., Lehmann,
C., Lisdat, F., Fridman, V., 2002. Bioelectrocatalysis by redox
enzymes at modified electrodes. Rev. Mol. Biotechnol. 82,
411-424.

Senillou, A., Jaffrezic, N., Martelet, C., Cosnier, S., 1999. A
laponite clay-poly(pyrrole-pyridinium) matrix for the fabrication
of conductimetric microbiosensors. Anal. Chim. Acta 401,
117—124.

Shan, D., Mousty, C., Cosnier, S., Mu, S., 2002. A composite
poly azure B-Clay-enzyme sensor for the mediated electro-
chemical determination of phenols. J. Electroanal. Chem. 537,
103-109.

Shan, D., Cosnier, S., Mousty, C., 2003a. HRP wiring by redox
active layered double hydroxides: application to the mediated
H,0, detection. Anal. Lett. 36, 909—922.

Shan, D., Cosnier, S., Mousty, C., 2003b. Layered double
hydroxides: an attractive material for electrochemical biosensor
design. Anal. Chem. 75, 3872—-3879.

Shan, D., Mousty, C., Cosnier, S., Mu, S., 2003c. A new polyphenol
oxidase biosensor mediated by Azure B in laponite clay matrix.
Electroanalysis 15, 1506—1512.

Shan, D., Mousty, C., Cosnier, S., 2004a. Subnanomolar cyanide
detection at polyphenol oxidase/anionic clay biosensors. Anal.
Chem. 76, 178—183.

Shan, D., Cosnier, S., Mousty, C., 2004. HRP/[Zn—Cr—ABTS]
redox clay-based biosensor: design and optimization for cyanide
detection. Biosens. Bioelectron. 20, 390—-396.

Shih, Y., Zen, J.M., 2000. An electrochemical sensor based on a
clay-coated screen-printed electrode for the determination of
arbutin. Anal. Chim. Acta 412, 63—-68.

Shih, Y., Zen, J.M., Yang, H.H., 2002. Determination of
codeine in urine and drug formulations using a clay-
modified screen-printed carbon electrode. J. Pharm. Biomed.
Anal. 29, 827-833.

Shirtcliffe, N., 1999. Deposition of clays onto a rotating electro-
chemical quartz crystal microbalance. Colloids Surf., A Phys-
icochem. Eng. Asp. 155, 277-285.

Shyu, S.C., Wang, C.M., 1998. Characterization of iron containing
clay modified electrodes and their applications for glucose
sensing. J. Electrochem. Soc. 145, 134—158.

Song, C., Villemure, G., 1999. Preparation of clay-modified
electrodes by electrophoretic deposition of clay films. J.
Electroanal. Chem. 462, 143—-149.

Sreedhar, M., Reddy, T.M., Sirisha, K.R., Reddy, S.R.J., 2003.
Differential pulse adsorption stripping voltammetric determina-
tion of dinoseb and dinoterb at a modified electrode. Anal. Sci.
19, 511-516.

Stetter, J.R., Penrose, W.R., Yao, S., 2003. Sensors, chemical
sensors, electrochemical sensors, and ECS. J. Electrochem. Soc.
150, S11-S16.

gvegl, 1.G., Kolar, M., Ogovevc, B., Pihlar, B., 1998. Vermic-
ullite clay mineral as an effective carbon paste electrode
modifier for the preconcentration and voltammetric determi-
nation of Hg(Il) and Ag(I) ions. Frezenius’ J. Anal. Chem.
361, 358-362.

Therias, S., Mousty, C., 1995. Electrodes modified with synthetic
anionic clays. Appl. Clay Sci. 10, 147—162.

Vaccari, A., 1998. Preparation and catalytic properties of cationic
and anionic clays. Catal. Today 41, 53—71.

Vaccari, A., 1999. Clays and catalysis: a promising future. Appl.
Clay Sci. 14, 161-198.

Van Olphena, H., Fripiat, J.J., 1979. Data Handbook for Clay
Minerals and Other Non-metallic Minerals. Pergamon,
Oxford.

Walcarius, A., 1996. Zeolite-modified electrodes: applications and
prospects. Electroanalysis 8, 971—-986.

Walcarius, A., 1998. Analytical applications of silica-modified
electrodes—a comprehensive review. Electroanalysis 10,
1217-1235.

Walcarius, A., 2001. Electrochemical applications of silica
based organic—inorganic hybrid materials. Chem. Mater. 13,
3372-3551.

Walcarius, A., Lefevre, G., Rapin, J-P., Renaudin, G., Frangois, M.,
2001. Voltammetric detection of iodide after accumulation by
Friedel’s salt. Electoanalysis 13, 313—320.

Wang, S.H., Chou, T.-C., 2000. Immobilized ionophore calcium
ion sensor modified by montmorillonite. Electroanalysis 12,
468-470.



C. Mousty / Applied Clay Science 27 (2004) 159-177 177

Wang, J., Martinez, T., 1989. Trace analysis at clay-modified carbon
paste electrodes. Electroanalysis 1, 167—172.

Wieglos, T., Fitch, A., 1990. A clay-modified electrode for ion-
exchange voltammetry. Electroanalysis 2, 449—454.

Xiang, Y., Villemure, G., 1992. Electron transport in clay-
modified electrodes: study of electron transfer between
electrochemically oxidized tris(2,2’ -bipyridyl)iron cations
and clay structural iron(II) sites. Can. J. Chem. 70,
1833-1837.

Xiang, Y., Villemure, G., 1995. Electrodes modified with synthetic
clay minerals: evidence of direct electron transfer from
structural iron sites in the clay lattice. J. Electroan. Chem.
381, 21-27.

Xiang, Y., Villemure, G., 1996. Electrodes modified with synthetic
clay minerals: electron transfer between adsorbed tris(2,2’ -
bipyridyl) metal cations and electroactive cobalt centers in
synthetic smectites. J. Phys. Chem. 100, 7143—-7147.

Xiao, J., Villemure, G., 1998. Preparation, characterization and
electrochemistry of synthetic copper clays. Clays Clay Miner.
46, 195-203.

Yao, K., Shimazu, K., Nakata, M., Yamagishi, A., 1998a. Clay-
modified electrodes as studied by the quartz crystal micro-
balance: adsorption of ruthenium complexes. J. Electroanal.
Chem. 442, 235-242.

Yao, K., Shimazu, K., Nakata, M., Yamagishi, A., 1998b. Clay-
modified electrodes as studied by the quartz crystal micro-
balance: redox processes of ruthenium and iron complexes. J.
Electroanal. Chem. 443, 253-261.

Yao, K., Taniguchi, M., Nakata, M., Shimazu, K., Takahashi, M.,
Yamagishi, A., 1998. Mass transport on an anionic clay-
modified electrode as studied by a quartz crystal microbalance.
J. Electroanal. Chem. 457, 119—128.

Zen, JM., Chen, P.J., 1997. A selective voltammetric method for
uric acid and dopamine detection using clay-modified electro-
des. Anal. Chem. 69, 5087—-5093.

Zen, JM., Chen, P.J., 1998. An ultrasensitive voltammetric method
for dopamine and catechol detection using clay-modified
electrodes. Electroanalysis 10, 12—15.

Zen, J.M., Lo, C.W., 1996. A glucose sensor made of an enzymatic
clay modified electrode and methyl viologen mediator. Anal.
Chem. 68, 2635—-2640.

Zen, J M., Jeng, S.H., Chen, H.J., 1996a. Determination of paraquat
by square-wave voltammetry at a perfluorosulfonated ionomer/
clay-modified electrode. Anal. Chem. 68, 498-502.

Zen, J.M., Jeng, S.H., Chen, H.J., 1996b. Catalysis of the
electroreduction of hydrogen peroxide by nontronite clay
coatings on glassy carbon electrodes. J. Electroanal. Chem.
408, 157-163.

Zen, J.M., Lo, C.W., Chen, P.J., 1997. An enzymatic clay modified
electrode for aerobic glucose monitoring with dopamine as
mediator. Anal. Chem. 69, 1669—1673.

Zen, JM., Chen, H.P., Kumar, A.S., 2001. Disposable clay-
coated screen-printed electrode for amitrole analysis. Anal.
Chim. Acta 449, 95-102.

Zen, J.M., Lai, Y.Y., Yang, H.H., Kumar, A.S., 2002. Multianalyte
sensor for the simultaneous determination of hypoxanthine,
xanthine and uric based on a preanodized nontronite-coated
screen-printed electrode. Sens. Actuators 84, 237—244.

Zen, J.M., Kumar, A.S., Chen, H.P., 2003. Lead ruthenate
pyrochlore formed in clay for sensitive determination of
dopamine. Electroanalysis 15, 1584—1588.

Zhou, Y., Hu, N., Zeng, Y., Rusling, J.F., 2002. Heme protein clay
films: direct electrochemistry and electrochemical catalysis.
Langmuir 18, 211-219.



	Sensors and biosensors based on clay-modified electrodes-new trends
	Introduction
	Electrochemistry at clay-modified electrodes
	Clay-modified electrode preparation
	Electroanalysis applications
	Preconcentration methods
	Electrocatalysis sensors
	Amperometric biosensors

	Conclusion
	References


