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Resum

Aquest article descriu els sensors enzimatics i immunosensors
electroquimics que s’han desenvolupat als nostres grups per a
la deteccid de la biotoxina marina acid okadaic (OA), i discuteix
la possibilitat d’integrar-los en programes de seguiment. Els
sensors enzimatics per a OA que es presenten es basen en la
inhibicié de la proteina fosfatasa (PP2A) per aquesta toxina i la
mesura electroquimica de 'activitat enzimatica mitjangcant I'ds
de substrats enzimatics apropiats, electroquimicament actius
després de la seva desfosforacio per I'enzim. Els immunosen-
sors electroquimics descrits en aquest article es basen en un
enzimoimmunoassaig sobre fase solida competitiu indirecte
(CIELISA), amb fosfatasa alcalina (ALP) o peroxidasa (HRP)
com a marcatges, i un sistema de reciclatge enzimatic amb di-
aforasa (D). Els biosensors presentats aqui s’han aplicat a
'analisi de dinoflagel-lats, musclos i ostres. Les validacions
preliminars amb assaigs colorimétrics i LC-MS/MS han de-
mostrat la possibilitat d’utilitzar les bioeines desenvolupades
per al cribratge preliminar de biotoxines marines en mostres de
camp o de cultiu, que ofereixen informacié complementaria a
la cromatografia. En conclusio, tot i que encara cal optimitzar
alguns parametres experimentals, la integracio dels biosensors
a programes de seguiment és viable i podria proporcionar
avantatges respecte a altres tecniques analitiques pel que fa al
temps d’analisi, la simplicitat, la selectivitat, la sensibilitat, el fet
de poder ser d’un sol Us i I'efectivitat de cost.

Paraules clau: biosensor - floracio algues nocives
(FAN) - toxina marina - marisc - programa de
seguiment - acid okadaic
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Abstract

This article describes the electrochemical enzyme sensors and
immunosensors that have been developed by our groups for
the detection of marine biotoxin okadaic acid (OA), and dis-
cusses the possibility of integrating them into monitoring pro-
grammes. The enzyme sensors for OA reported herein are
based on the inhibition of immobilised protein phosphatase 2A
(PP2A) by this toxin and the electrochemical measurement of
the enzyme activity through the use of appropriate enzyme sub-
strates, which are electrochemically active after dephosphory-
lation by the enzyme. The electrochemical immunosensors de-
scribed in this article are based on a competitive indirect En-
zyme-Linked ImmunoSorbent Assay (CIELISA), using alkaline
phosphatase (ALP) or horseradish peroxidase (HRP) as labels,
and an enzymatic recycling system with diaphorase (DI). The
biosensors presented herein have been applied to the analysis
of dinoflagellates, mussels and oysters. Preliminary validations
with colorimetric assays and LC-MS/MS have demonstrated
the possibility of using the developed biotools for the preliminary
screening of marine biotoxins in field or cultured samples, offe-
ring complementary information to chromatography. In conclu-
sion, although optimisation of some experimental parameters is
still required, the integration of biosensors into monitoring pro-
grammes is viable and may provide advantages over other ana-
lytical techniques in terms of analysis time, simplicity, selectivity,
sensitivity, disposability of electrodes and cost effectiveness.
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ASP: Amnesic Shellfish Poisoning

AZA: Azaspiracid

CSIC: Consejo Superior de Investigaciones Cientificas
DA: Domoic Acid
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DI: Diaphorase

DSP: Diarrheic Shellfish Poisoning

DTX: Dinophysistoxin
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ELISA: Enzyme-Linked Immunosorbent Assay
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HAB: Harmful Algal Bloom

HPLC-FLD: High Performance Liquid Chromatography Fluo-
rescence Detection

HRP: Horseradish Peroxidase

IC: Inhibition Coefficient

IRTA: Institut de Recerca i Tecnologia Agroalimentaries
LC-MS: Liquid Chromatography Mass Spectrometry
LC-MS/MS: Liquid Chromatography Tandem Mass Spectrom-
etry

LC-UV: Liquid Chromatography UltraViolet Detection

LOD: Limit of Detection

MBA: Mouse Bioassay

MC: Microcystin

MPMS: 5-Methyl-Phenazinium Methyl Sulphate

OA: Okadaic Acid

OVA: Ovalbumin

p-AP: p-Aminophenol

p-APP: p-Aminophenyl Phosphate
PaTX: Palytoxin

PbTx: Brevetoxin

PP: Protein Phosphatase

PSP: Paralytic Shellfish Poisoning
PTX: Pectenotoxin

SPR: Surface Plasmon Resonance
STX: Saxitoxin

TTX: Tetrodotoxin

XRAQ: Xarxa de Referencia d’R+D+I en Aquicultura
YTX: Yessotoxin

1 Introduction

Biosensors are analytical devices incorporating a biological
material (e.g. tissue, microorganisms, cells, organelles, cell re-
ceptors, enzymes, antibodies, nucleic acids, etc.) associated
with or integrated within a physicochemical transducer or
transducing microsystem, which may be optical, electrochemi-
cal, thermometric, piezoelectric, magnetic or micromechanical.
Biosensors usually yield a signal that is proportional to the con-
centration of a specific analyte or group of analytes. Electro-
chemical biosensors combine the high affinity of biochemical
interactions with the inherent sensitivity of electrochemical
techniques, providing low limits of detection. Electrochemical
techniques enable miniaturisation, automation and portability
of biosensors, making them interesting for in situ monitoring.
Moreover, electrochemical biosensors are simple to use and
cost effective, resulting in interesting bioanalytical tools for fast
preliminary screenings.

This article describes the electrochemical enzyme sensors
and immunosensors that the Université de Perpignan has de-
veloped and that are presently undergoing further development
and validation at the Institut de Recerca i Tecnologia Agroali-
mentaries (IRTA) for the detection of marine biotoxins. It also
presents the advantages and limitations of these biosensors
and discusses the possibility of integrating them into water,
shellfish and harmful phytoplankton monitoring programmes.

2 Marine biotoxins in Catalonia

The main marine biotoxins detected in the Mediterranean Sea
are those related with Paralytic Shellfish Poisoning (PSP), in-
toxications due to lipophilic toxins previously known as Di-
arrheic Shellfish Poisoning (DSP) toxins, and Amnesic Shellfish
Poisoning (ASP). Below, the characteristics of these toxins are
briefly summarised:

e PSP toxins are water-soluble and thermostable tetrahy-
dropurine compounds, e.g. saxitoxin (STX), gonyautoxins
(GTXs) and derivatives, which block sodium channels, af-

fecting the propagation of the action potential. They may
cause slight tingling, numbness in the mouth and extremi-
ties, prickly sensations in the fingertips and toes, burning
of the lips and skin, dizziness, floating sensations, head-
aches, ataxia, fever and even death by cardiorespiratory
failure. The toxin producing dinoflagellate species Alexan-
drium catenella [1-4], A. minutum [5-16] and A. tamarense
[3] have been identified in the Catalan littoral, although
only the two former have been involved in toxicity epi-
sodes.

e Lipophilic toxins include okadaic acid (OA), dinophysistox-
ins (DTXs), yessotoxins (YTXs), pectenotoxins (PTXs) and
azaspiracids (AZAs). Among them, OA, DTXs, YTXs and
PTXs are recurrently found in our waters. OA and DTXs are
liposoluble compounds mainly present in bivalve hepato-
pancreas. Their mechanism of action is based on the inhi-
bition of protein phosphatases (PPs), enzymes that play an
important role in protein dephosphorylation in cells. These
toxins bind to the receptorial site of PP1 and PP2A, block-
ing their activity. As a consequence, hyperphosphorylation
of the proteins that control sodium secretion by intestinal
cells and of cytoskeletal or junctional moieties that regulate
solute permeability is favoured, causing a sodium release
and a subsequent passive loss of fluids [17]. The main
symptom of human intoxication with OA and DTXs is diar-
rhoea (this explains why they have also been called DSP
toxins), although other effects are also relevant, such as
nausea, vomiting and abdominal pain. Studies carried out
with animals show OA and DTXs to be potent tumour pro-
moters and possible mutagenic and immunotoxic agents.
The main producer species registered in the Catalan littoral
are: Dinophysis sacculus [3,18,19], D. caudata [3], D. ro-
tundata [3], but only D. sacculus and D. caudata have
been involved in DSP episodes. Another potential lipophilic
toxin producing microalgae present in Catalonia is the
benthonic dinoflagellate Prorocentrum lima (detected in
the monitoring programme). YTXs are lipophilic toxins, al-
though not implicated in DSP episodes in humans. They
are mainly produced by the dinoflagellates Lingulodinium
polyedrum, Gonyaulax spinifera and Protoceratium reticu-
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latum, the latter having been detected in the monitoring
programme. These toxins may interfere with the mouse
bioassay (MBA) for other lipophilic toxins. In this case, their
discrimination with specific bioassay and/or chemical
methods is necessary.

e ASP toxins include domoic acid (DA), a potent neurotoxin
water-soluble acidic amino acid, and its derivatives. They
are kainoid excitatory neurotransmitters that bind to spe-
cific receptor proteins causing depolarisation of the neuro-
nal cells and their subsequent rupture. Symptoms due to
their ingestion are both gastrointestinal (nausea, vomiting,
diarrhoea, abdominal cramps) and neurological (memory
loss). These symptoms may be combined with optical
problems, such as disconjugate gaze, diplopia and oph-
thalmoplegia. In cases of severe intoxication, major neuro-
logical deficits are usually described, involving confusion,
mutism, seizures, autonomic dysfunction, lack of response
to painful stimuli and uncontrolled crying or aggressiveness,
sometimes leading to coma and death. Several diatom
species, such as Pseudo-nitzschia delicatissima and Pseu-
do-nitzschia pseudodelicatissima have been identified as
potential ASP toxin producers in the Mediterranean [20].

Apart from the previously described toxins, there are other
toxins, such as spirolides, gymnodimines and palytoxins
(PaTXs) that, although eventually marginal, deserve considera-
tion in research projects in order to understand their impor-
tance in our waters. It is also necessary to take into account
toxins such as ichthyotoxins that affect fauna, including shell-
fish, but can also cause fish mortality. In Catalan waters, two
producer species have been registered, Karlodinium veneficum
and K. armiger [21,22], both being involved in harmful episodes
[3,9,23,24]. Karlodinium spp. were detected for the first time
in winter 1994-1995 in Alfacs Bay and, since then, it has been
proliferating variably, creating serious problems to shellfish
aquaculture producers [25,26].

3 Biosensors for harmful algae and marine
biotoxins

3.1 State-of-the-art

Only a few biosensors for harmful algae and marine biotoxins
have been reported. Whereas most sensors for microalgae are
based on the detection of the hybridisation of specific se-
quences by electrochemical [27,28] or gravimetric methods
[29], most biosensors for marine biotoxins are based on the
use of monoclonal or polyclonal antibodies as biorecognition
molecules and electrochemical [30-33], gravimetric [34] or op-
tical detection methods [35-38]. In this direction, biosensors for
OA [30,32,34,36,38], DA [30,31,33,36], STXs [37], brevetox-
in-3 (PbTx-3) [30], tetrodotoxin (TTX) [30] and GTXs [37] have
been described. In the development of electrochemical biosen-
sors for PSP toxins, sodium channels have also been exploited
[39,40]. Recently, neuronal networks have been cultured over
electrode arrays in order to detect TTX [41], PbTx-3, STX [42]
and AZA-1 [43] by electrical methods.

The main objective of these studies was the development of
the biosensor. Only a few biosensors have been validated by
implementing the analysis of field samples. Micheli et al. [33]
applied their electrochemical immunosensor to the analysis of
DA in spiked mussels and certified material, and compared the
results with those obtained by spectrophotometric ELISA and
high performance liquid chromatography (HPLC), obtaining
good agreement and comparable working ranges and limits of
detection (LODs). Marquette et al. [35] also used spiked mus-
sels for the analysis of OA with their chemiluminescent immu-
nosensor and studied the stability and reproducibility of the
measurements, although in this case they did not compare
their biosensor with other analytical techniques. The biosen-
sors that we have developed have been applied to the analysis
of naturally contaminated shellfish samples and cultured dino-
flagellate extracts. This represents an advantage with respect
to the work performed by Micheli and Marquette, since the use
of field samples, despite complicating the validation of the bio-
sensor due to their multi-toxin profiles, provides a closer ap-
proach to the reality and may explain actual toxicity episodes. It
is fair to mention the work performed by Cheun et al. [39,40],
who have applied their sodium channel-based biosensor to the
analysis of PSP toxins in naturally contaminated puffer fish and
crab. However, this biosensor uses frog bladder membrane
as a biorecognition element, with the consequent drawbacks
characteristic of all tissue-based biosensors, in terms of diffu-
sional limitations, long analysis times and low specificities.

Undoubtedly, the most interesting work was that done by
Fonfria, Llamas et al. [37,38] on the analysis of shellfish sam-
ples by surface plasmon resonance (SPR)-based immunosen-
sors. These studies assess the matrix effects produced by a
high variety of shellfish species (mussels, clams, cockles, scal-
lops and oysters) and toxin extraction methods, analyse a rele-
vant number of naturally contaminated samples with the bio-
sensors, use calibration curves constructed with mollusc
extracts for the quantification and compare the results with
those obtained by the MBA and chromatographic techniques.
In our case, these studies are pending tasks that are being un-
dertaken, together with purification of field samples by fraction-
ation protocols. Once the applicability studies have been per-
formed, our electrochemical biosensors may provide added
advantages in terms of miniaturisation and portability of the de-
vices, practically impossible aspects when using SPR devices,
and attainable limits of detection (although this may not be rel-
evant if maximum toxins levels permitted by current legislations
are already detected).

3.2 Our contribution

IRTA and the Université de Perpignan have joined efforts to
create a new research line for the development of biosensors
for marine toxins. The Université de Perpignan is experienced
in the development of electrochemical biosensors, whereas the
expertise of IRTA lies in the treatment and analysis of natural
samples of marine origin. This complementary approach ena-
bled us to tackle integrated projects, achieving not only the de-
velopment of analytical devices but also their validation with
applicability studies involving field samples.
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The Université de Perpignan has been devoted for many
years to the development of electrochemical biosensors for the
detection of pesticides, such as carbaryl, carbofuran and pir-
imicarb carbamate, using acetylcholinesterase (AChE) and ge-
netically engineered AChE-derived mutants as biorecognition
molecules [44]. More recently, the Université de Perpignan has
developed PP inhibition-based sensors for the detection of mi-
crocystins (MCs), cyanobacterial toxins usually present in fresh-
water [45], and OA, a phycotoxin. These biotoxins and others,
such as the mycotoxin ochratoxin A, have also been detected
by electrochemical immunosensors, using monoclonal or poly-
clonal antibodies [46,47].

IRTA is responsible for the monitoring of the quality of waters
in shellfish harvesting areas of Catalonia and this includes the
evaluation of the presence of microbiological and chemical
contaminants as well as marine toxins and harmful algal blooms
(HABs). This activity has resulted in several scientific studies
[26,48-55]. Other interests of the IRTA include the development
and implementation of cytotoxicity assays as possible alterna-
tive methods to the MBA [56-59], the use of chromatographic
and mass spectrometry techniques for the evaluation of toxin
profiles [57-59], the study of the ecophysiology and toxicity of
Karlodinium [21-26], Prorocentrum [58] and Gambierdiscus
spp. [60,61], and the development of molecular tools for the
identification of Pseudo-nitzschia spp. [62].

In the construction of a biosensor, the first step is the valida-
tion of the recognition event and the optimisation of the experi-
mental parameters, usually performed by colorimetric assays.
In our case, this refers to the ability of OA to inhibit PP2A and
the ability of a monoclonal antibody to recognise OA. Once the
biorecognition is demonstrated, the second step is the transfer
from assay to biosensor, which is achieved by carefully choos-
ing the supports where the biorecognition element will be im-
mobilised and designing appropriate transduction schemes,
both dependent on the choice of transducer system. Our ef-
forts have been focused on sorting out immobilisation and
transduction, which are two key points in the construction of
electrochemical biosensors.

3.2.1 PP2A enzyme sensors for OA

Taking into consideration the analogy regarding the mechanism
of action of MCs and OA and derivatives, both groups inhibiting
PPs, the Université de Perpignan has recently developed an
enzyme sensor for OA, which has been applied to the detec-
tion of this toxin in dinoflagellate extracts [63]. The strategy is
based on the entrapment of PP2A into a polymeric network for
its immobilisation onto the electrode support, the reversible in-
hibition of this enzyme by OA, and the recording of the residual
activity by chronoamperometry using appropriate PP2A sub-
strates, electrochemically active only after dephosphorylation
by the enzyme (Figure 1). First, it was necessary to choose the
appropriate phosphatase enzyme. Colorimetric assays dem-
onstrated that PP2A was more sensitive to OA than PP1. Next,
PP2A was immobilised on different supports and using differ-
ent techniques. Among them, the best immobilisation yields
were achieved by entrapment into a photopolymeric matrix and
on screen-printed carbon electrodes. The enzyme immobilisa-

catechyl phosphate  catechol

PP2A
o-quinone

Figure 1. Enzymatic reaction between protein phosphatase 2A and
catechyl phosphate and subsequent catechol detection on the elec-
trode surface.

tion maintained the biomolecule in a flexible conformation and
substantially retained the stability of the enzyme activity, usually
a critical limitation of PP2A. Several enzyme substrates were
evaluated, the laboratory-synthesised catechyl monophos-
phate providing background-subtracted currents higher than
those obtained with p-aminophenyl phosphate (p-APP), at ap-
propriate potentials (+450 mV vs. Ag/AgCl). Different amounts
of enzyme were immobilised on the electrodes. The results
showed that the higher the enzyme activity, the higher the elec-
trochemical response and reliability of the measurement, but
also the higher the limits of detection. The most sensitive bio-
sensor had an LOD (here defined as 20% inhibition) for OA of
6.42 pg L', a 50% inhibition coefficient (IC50) value of 22.19 ug
L', and a working range of 2.69 — 171.87 ug L. The device
was applied to the analysis of toxin contents in dinoflagellate
extracts provided by IRTA. Comparison with the colorimetric
PP inhibition assay and with Liquid Chromatography Tandem
Mass Spectrometry (LC-MS/MS) analysis demonstrated the vi-
ability of the approach.

3.2.2 Immunosensors for OA

Electrochemical immunosensors for the detection of OA have
also been developed jointly by the Université de Perpignan and
IRTA [64]. These immunosensors are based on competitive in-
direct Enzyme-Linked ImmunoSorbent Assays (CIELISAs). An
OA-ovalbumin (OA-OVA) conjugate was immobilised on
screen-printed carbon electrodes and competition of a mono-

Enzyme Enzyme substrate
product

L

™ xf -
wx ¥y
IgG-enzyme e W
conjugate
anti-OA MAb

Screen-printed electrode

Figure 2. Competitive indirect immunosensor: competition between
immobilised OA-OVA and free OA for the anti-OA MADb in solution is
followed by incubation with enzyme-labelled IgG conjugate and en-
zyme label detection.
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Figure 3. Reactions involved in the enzymatic signal amplification for the detection of the ALP or PP2A activity.

clonal antibody for free and immobilised OA was subsequen-
tly performed. Secondary antibodies labelled with alkaline phos-
phatase (ALP) or horseradish peroxidase (HRP) were used for
signal generation (Figure 2). Electrochemical transduction de-
pended on the label enzyme: whereas +300 mV vs. Ag/AgClI
were applied in the detection of p-aminophenaol (p-AP) pro-
duced by the reaction of p-APP with ALP, -200 mV vs. Ag/AgClI
were used in the detection of 5-methyl-phenazinium methyl
sulphate (MPMS), redox mediator in the HRP bioelectrocataly-
sis. The LODs (defined as 80% of MAb binding) for OA with
standard solutions were approximately 1 and 2 ug L' when us-
ing ALP and HRP labels, respectively. It is necessary to men-
tion that the limit for the ALP approach was lower than those
reported for other electrochemical immunosensors [30-32],
even though the assay was indirect. An electrochemical signal
amplification system based on diaphorase (DI) recycling, al-
ready tested in the detection of MCs by PP2A [65], was inte-
grated into the ALP-based immunosensor. The detection prin-
ciple is based on the ability of DI to recycle p-AP, and thus to
amplify the electrochemical signal arising from its oxidation
(Figure 3). The amplification strategy decreased the LOD for
OA to 0.038 g L and enlarged the working range by more
than one order of magnitude. Mussel and oyster extracts from
the Ebre Delta embayments were analysed with the immuno-
sensor that integrated the amplification system, and results
were compared with those obtained by the colorimetric immu-
noassay, the PP inhibition assay and LC-MS/MS, and correla-
tions demonstrated the viability of the approach.

4 The monitoring programme

4.1 The purpose
As stated before, IRTA is responsible for the monitoring of the
quality of waters in the shellfish harvesting areas of Catalonia, a
public service commissioned by the Direccid General de Pesca i
Accio Maritima (DGPAM), a body belonging to the Generalitat de
Catalunya, and performed in collaboration with the Consejo Su-
perior de Investigaciones Cientificas (CSIC). The information pro-
vided by this monitoring programme has immediate impact on
the administration of shellfish harvesting areas, but also on the
productive sector and the international scientific community.
The monitoring programme was established to fulfil legisla-
tion on a Catalan, Spanish and European level. Nevertheless,
the data obtained by the monitoring programme has also sub-
stantially contributed to the advancement of technical and sci-
entific issues, and to fulfilling descriptive studies and long-term
analysis, fundamental for the comprehension of the character-
istics of the region.

4.2 Monitoring areas

The monitoring programme covers approximately 580 km of the
Catalan coastline and focuses on shellfish production areas in
beaches and bays. Additionally, recreational and industrial har-
bours are also monitored for the presence of harmful toxin pro-
ducing algae, since these areas may be potential sources of
HABs and associated toxins. Figure 4 shows the mollusc and
other marine invertebrate production areas established in the
Catalan littoral [66-67]. The number of production areas covering

70 "2

Figure 4. Map of the production areas in Catalonia (source: Sistema d’Informacid Geografica of the Direccid General de Pesca i Accio Maritima,

http://www.gencat.net/darp/c/pescamar/sigpesca/csig07.htm).
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Table 1. Current practices in Catalonia regarding the management of
toxin analysis methods in shellfish

Family Group Primary ~ Confirmatory
Method* Method™*
PSP STX group MBA? LC-FLDP
Lipophilic DSP OA group MBA® LC-MS/MS
PTX group MBA® LC-MS/MS
Other lipophilic YTX group MBA® LC/MS-MS
AZA group MBA LC-MS/MS
ASP DA group LC-Uv?  LC-MS/MS
Others Spirolids and MBA® LC-MS/MS
gymnodimines

* Primary method may be the reference test or a screen that is followed by a re-
ference test
** Confirmatory method may be the reference test or validated alternatives
(e8]
b pre-column [69] and post-column [70]
°[71,72]
4173-75]

the totality of the Catalan littoral is 23. The monitoring programme
is an evolving platform adaptable to changes regarding not only
the harvesting areas, but also changes due to new legislation
and technical improvements. Changes that may affect the shoals
and/or water quality, such as the construction or modification of
sewers, arid movements and strategic changes in the culture
and/or exploitation of species, are also taken into account.

In the production areas, the major sites for shellfish produc-
tion include natural banks in open areas but also natural banks
and aquaculture facilities for shellfish in coastal embayments.
Among shellfish species in natural banks we find Donax truncu-
lus (clam), Cerastoderma edule (cockle), Tapes semidecussata
(Manila clam), Callista chione (smooth clam), Bolinus brandaris
(purple dye murex). In semi-enclosed coastal embayments,
aquaculture facilities are aimed at the production of Mytilus gal-
loprovincialis (mussel) and Crassostrea gigas (oyster). The wide
spectrum of harmful algae and associated toxins, and the vari-
ety of harvested shellfish species increases the complexity of
technical strategies for toxin identification within the monitoring
programme, and this has had an immediate impact on the de-
velopment phases of the construction of applicable biosen-
sors. Table 1 describes the current methods of analysis of the
main marine toxins in shellfish flesh.

5 Could biosensors be integrated into monitoring
programmes?

The use of biosensors to detect and quantify marine toxins and
thus assess the quality of shellfish is a priori possible. The suc-
cessful implementation of biosensors could reduce or avoid
the use of mice in toxicity evaluation and would provide com-
plementary information to chromatographic techniques. How-
ever, this situation is presently hypothetical and advancement
in that direction is only achievable through elaborate processes
for specific groups of toxins.

Results obtained by our research projects have led to the
conclusion that biosensors constitute a promising approach for
toxin evaluation but important experimental parameters still
need to be optimised to guarantee their applicability to moni-
toring programmes. The variety of toxins encountered in nature
(according to structure and mechanism of action) as well as the
variety of monitored shellfish species increase the complexity
of any innovative approach for toxin determination.

The main advantages and drawbacks, as well as part of the
work required to integrate biosensors into the monitoring pro-
gramme, are now discussed.

5.1 Limitations and progress in PP2A enzyme sensors
for OA
The LOD of the PP2A inhibition-based biosensor for OA was
defined as the toxin concentration that produces 20% inhibi-
tion, which corresponded to 6.42 pg L. Although lower con-
centrations could be detected, the low reproducibility associ-
ated to the electrochemical detection (compared to the
colorimetric one) obliged us to choose this value in order for the
screening to be reliable. This low reproducibility was probably
associated to the manual enzyme deposition on the electrode
and/or to the fouling of the electrode by electropolymerisation
of the phenoxy radicals that appeared during the enzymatic re-
action [76,77]. Although the purpose of the device was to pro-
vide a screening tool for fast and preliminary tests, a precise
and accurate bioanalytical device would also be highly desira-
ble. In order to improve the reliability of the biosensor, we are
setting up the instrumentation for automated enzyme deposi-
tion and studying the use of non-phenolic enzyme substrates.
The enzyme immobilisation technique could also be im-
proved. The encapsulation technique provided the protein
phosphatase with a friendly microenvironment that preserved
its functional activity, a crucial aspect considering the inherent
instability of this enzyme. Nevertheless, the diffusion barrier
created by the photopolymer hindered the accessibility of the
enzyme by both the substrate and the toxin, resulting in low
LOD values (compared to the colorimetric approach). Work is
in progress to eliminate this diffusion barrier by using immobili-
sation through coordination binding of the enzyme to magnetic
particles and deposition onto magnetised electrode supports.
The enzyme sensor provided toxin contents in the dinoflagel-
lates comparable to the other detection techniques, although
always slightly higher, the effect being more evident in samples
with lower toxin amounts. This overestimation could be due to
the fouling of the electrode by phenoxy radicals or some of the
extracted components, which would decrease the steady-state
oxidation currents, simulating an enzymatic inhibition. Matrix ef-
fects should thus be evaluated in order to discard possible false
positives. The methanol content in extracted samples is also
critical, since it may directly inhibit the enzyme activity. These
two problems could be circumvented by the careful design of
the extraction processes and, if necessary, fractionation proto-
cols. Nevertheless, the overestimation should not be consid-
ered a limitation, but rather a safety level in the screening of sus-
picious samples. Detection of toxic activity in natural samples
by this screening tool should be followed by analysis with com-
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plementary techniques in order to confirm toxicity (e.g. MBA)
and identify the toxins involved (e.g. HPLC and LC-MS/MS).

5.2 Limitations and progress in immunosensors for OA

In what concerns the applicability of the immunosensor for OA,
the LOD was satisfactory, but the reproducibility of the meas-
urements still needs to be improved, probably by assessing the
matrix effects. OA quantifications using the immunosensor cor-
related very well with those obtained with the immunoassay,
although toxin estimations were slightly lower with the immu-
nosensor. This underestimation may be due to the adsorption
of some matrix compounds on the electrode surface and the
subsequent non-specific binding of the anti-OA MAb/second-
ary Ab conjugate on them, or to the direct electro-oxidation of
these adsorbed matrix compounds. As with the enzyme sen-
sor, matrix interferences could eventually be minimised by ra-
tionally selecting appropriate extraction and fractionation pro-
tocols as purification steps prior to biosensor implementation.

OA quantification provided by the immunosensor and the
immunoassay were lower than those obtained by the PP inhibi-
tion assay. This is not surprising as these two assays differ in
the recognition event: whereas the immunosensor is based on
structural recognition of OA (and probably some derivatives
with an analogous structure) by the antibody, the PP2A enzyme
sensor is based on the inhibition of the enzyme activity by some
of the lipophilic toxins. A multi-toxin profile in field samples may
justify the higher OA equivalent contents found by the PP2A
enzyme sensor. Natural samples may contain enzyme inhibi-
tors, other than OA or analogues, not recognised by the OA
antibody. Studies reporting inhibition data for OA analogues, in
parallel with chromatographic information on individual toxin
contents in field samples, may help to explain the higher toxin
contents reported by the enzymatic assay in relation to the im-
munochemical techniques.

When compared with LC-MS/MS lipophilic toxin analysis,
the immunosensor and the immunoassay slightly underesti-
mated the OA toxin content, probably because the chroma-
tographic method also detected OA-related toxins such as
DTX-2 and 7-hydroxy-2-methyl-hepta-2,4-dienyl okadaate. Ne-
vertheless, the immunosensor was able to quantify lower toxin
contents than this technique, due to the higher sensitivity inher-
ent in both the biorecognition event and the electrochemical
detection. Since chromatographic detection showed that sam-
ples have a multi-toxin profile, toxins other than OA could be
contributing to the equivalent contents found by the immuno-
logical techniques. In this context, cross-reactivity immunologi-
cal studies with OA derivatives would be useful to better com-
pare both approaches.

It is important to mention that the lack of specificity of the
MBA, the official method of analysis, is well-recognised, and
positive results with the MBA might be due to the presence of a
toxin other than OA or derivatives recognised by the antibody,
such as YTXs. Compared to the MBA, the immunosensor has
the advantage of the selectivity towards OA and derivatives,
and this is also true for the PP2A enzyme sensor.

An important factor to be considered is analysis time. The
time required for each of the steps in the construction of the

biosensor has not been optimised and consequently, the assay
takes a minimum of 7-8 hours. This analysis time can certainly
be reduced, by carefully modifying the experimental parame-
ters of the assay and compromising the performance of each
step. In addition to the calibration curve, which is required each
day, the manipulation of modified electrodes and the use of a
mono-potentiostat for the electrochemical detection increase
the processing time. A solution to reduce the analysis time
would be the use of automated devices for the construction of
the immunosensor and of multi-potentiostats for simultaneous
electrochemical measurements, which are already commer-
cially available.

6 Conclusions

The European Union Commission Regulation (EC) No 2074/
2005 of 5 December 2005 [78] recognises a series of methods,
such as HPLC with fluorimetric detection (HPLC-FLD), liquid
chromatography with mass spectrometry detection (LC-MS),
immunoassays and functional assays, such as the PP inhibition
assay, as potential alternative or supplementary methodologies
to the biological testing methods for the determination of li-
pophilic toxins, provided that these methods are not less effec-
tive than biological methods and that their implementation pro-
vides an equivalent level of public health protection. From our
perspective, this regulation favours the use of biosensors for
the preliminary screening of lipophilic marine biotoxins in water,
microalgae and bivalve samples. Although the use of biosen-
sors has been successful in the detection and quantification of
lipophilic toxins in the laboratory, these promising biotools still
need to be validated by high-throughput applicability studies
with multiple samples in order to find out whether their inte-
gration into monitoring programmes is possible. These studies
should include the assessment of the matrix effects using dif-
ferent shellfish species, the optimisation of the extraction and
fractionation protocols, the establishment of calibration curves
using negative controls instead of buffered solutions, the ac-
quisition of supplementary data about the inhibitory effect of
toxins on phosphatases and the cross-reactivity of antibodies,
and the integration of the biosensors into compact and minia-
turised microfluidic devices.

Regardless of these requirements, the first steps towards
their real applicability have already been covered successfully,
and high performance analytical devices for the fast and pre-
liminary screening of lipophilic marine biotoxins in marine sam-
ples have been developed. These biotools may provide advan-
tages over other analytical techniques in terms of analysis time,
simplicity, selectivity, sensitivity, disposability of electrodes and
cost effectiveness. The implementation of biosensors in moni-
toring programmes will depend on scientific efforts and on me-
thodical and exhaustive validation studies. Additionally, the ge-
neric and versatile nature of biosensors means that simply by
slightly modifying the protocols in accordance with the specific
requirements, they could be extrapolated to other marine tox-
ins or even other compounds of interest in food quality control,
health protection and environment preservation.
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