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A B S T R A C T

The increasing demand by citizens and environmental organization for the protection, preservation, and possible
restoration of the marine environment has made seawater protection one of the urgent priorities of the European
Union. In this contest, extensive monitoring and surveillance are required to correctly assess the current status of
marine environment, paying attention not only to traditional chemical parameters, but also to the so-called
“emerging pollutants”. Among these, marine biotoxins represent a serious hazard, because they can accumulate
in fish and mussels and enter the food chain. The detection of marine toxins released by algae has mostly been
directed on the analysis of fish/shellfish homogenate rather than seawater samples. To fill this gap, in this work,
we propose the re-modeling of ELISA kits to set-up non-automated direct competitive ELIMC (Enzyme-Linked
Immuno-Magnetic Colorimetric) assays for the detection of Domoic Acid (DA), Okadaic Acid (OA) and Saxitoxin
(STX) in seawater.

For each toxin, linear working range, sensitivity and detection limit (0.03, 0.05, 0.01 ng/mL for DA, OA and
STX, respectively) of the ELIMC assays were calculated. After evaluation of seawater matrix effect and recovery
study, ELIMC assays were integrated within a novel automated networked system (ASMAT - Analytical System
for Marine Algal Toxins) based on the micro Loop Flow Reactor (μLFR) technology, suitable for on-line mon-
itoring of marine toxins. Once established the best operational conditions, ASMAT was calibrated towards DA,
OA and STX verifying its capability to detect sub-ppb levels of the target toxins. Analysis of DA, OA and STX in
real samples of marine water, sampled in Alonnisos (Greece) were carried out in laboratory using ELIMC assays,
ASMAT and ELISA Kits, for a comparative evaluation. Finally, on-line suitability of ASMAT as an early warning
alarm system was demonstrated by a field installation within a floating platform in the port of La Spezia (Italy).

1. Introduction

Harmful Algal Blooms (HABs) are a common phenomenon in coastal
and fresh water ecosystems caused by colonies of algae that grow out of
control often producing toxic effects on people, fish, shellfish, marine
mammals, and birds [1]. HABs occur naturally due to algae transported
via storms, sea currents and river flows. Their growth is stimulated by
light and warmer water temperature in the summer. However, the main
reason for the increased frequency of HABs in the recent decades [2,3]
is constituted by anthropogenic activity, including excessive nutrient
loading from fertilizers or sewage waste, food web alterations,

introduced species, water flow modifications and climate changes. The
term HABs is related to non-toxic and toxic algae blooms. Due to bio-
mass accumulation, non-toxic HABs damage the aquatic ecosystems by
suffocating fish, blocking sunlight from reaching bottom-dwelling
plants, depleting the oxygen in the water after their death, when an
increased activity of decomposing microorganisms occurs. Toxic HABs
involve microalgae (in marine water) and cyanobacteria (in fresh and
brackish waters) that produce toxic secondary metabolites able to alter
cellular processes of other organisms from plankton to humans through
the food web [2,3]. Among the thousands of microalgal species known
in nature, about 300 are involved in harmful events and more than 100
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(essentially diatoms and dinoflagellates) produce persistent natural
toxins that can cause intoxication or even death in humans and animals.
It is well known that marine biotoxins can accumulate in tissues of
marine organisms, particularly filter-feeding bivalves (i.e. mussels filter
approximately 20 L water/h). Outbreaks of intoxication in humans due
to marine biotoxins are caused by the ingestion of contaminated
shellfish and can have a wide range of symptoms due to the specific
toxic compound [4].

On the basis of their poisoning symptoms, marine biotoxins are
classified as toxins causing paralytic shellfish poisoning (PSP), amnesic
shellfish poisoning (ASP), diarrheic shellfish poisoning (DSP), neuro-
toxic shellfish poisoning (NSP), and ciguatera fish poisoning (CFP) [5].
Focusing on the first three groups, PSP is caused by saxitoxin (STX) and
its analogues, ASP is caused by domoic acid (DA), and DSP is associated
with a group of polyether toxins including okadaic acid (OA), the di-
nophysistoxins, pectenotoxins, and yessotoxins [4].

To protect consumer’s health, the Commission of the European
Community has set different safe intake levels for the presence of these
toxins in bivalve molluscs (EC Regulation No 853/2004) and has es-
tablished monitoring and sampling plans in the production areas of live
bivalve molluscs (EC Regulation No 854/2004). To check compliance
with the limits laid down, Mouse and Rat Bioassays (MBA, RBA) have
been for many years considered as the reference monitoring methods
for phycotoxins. The major drawbacks of these bioassays are a limited
sensitivity, high cost, variability and lack of specificity. In addition,
interferences can lead to false positive results. For these reasons, and to
avoid or minimize the use of living animals, the European Commission
established the replacement of these methods [6]. Following these re-
commendations, several methods have been validated as alternative to
the MBA and RBA to detect marine biotoxins in edible part of molluscs,
as reported by Botana [7]. In the case of PSP, the total content of STX-
group toxins must be officially detected by MBA (EC Regulation No
2074/2005) or by AOAC HPLC fluorimetric method, so-called Lawrence
method (EC Regulation No 1664/2006). In the case of ASP, the total
content of DA group toxins can be detected by using either an HPLC-UV
or an ELISA screening method (EC Regulation No 1244/2007). Finally,
LCeMS/MS was approved to be the reference method (EU Regulation
15/2011) for the detection of DSP toxins, even if the MBA could be used
as screening method for new and unknown toxins.

No legislation is currently available for the testing of marine bio-
toxins in algal or seawater samples and, consequently, no official
methods have been approved by the European Commission.
Nevertheless, a number of methods are reported for toxin analysis in
algal samples and less frequently in seawater, mostly of them based on
HPLC coupled with fluorescence or UV detection [8–13]. In addition,
LC–MS/MS [14–18] has been employed for PSP, DSP and ASP toxins.
All these methods, called chemical methods, are time-consuming (i.e.
sample derivatization, sample clean-up, sample pre-concentration step)
and can be used only in equipped laboratories by highly qualified staff.

A plethora of immunological assays have been developed as bio-
chemical tests for the screening of marine phycotoxins in shellfish.
Among them, ELISA tests are commercially available as simple and
rapid kits (e.g. Biosense Laboratories, Abraxis, Mercury Science, Bioo
Scientific, Europroxima). As reported in the literature [19–26], some of
these kits and other ELISA based methods, not commercially available,
have been employed for the analysis of biotoxins in field and/or cul-
tured algae and seawater samples. Great attention should be paid to two
interesting immunological assays, based on SPR [21] and planar wave
guide [27], developed by McNamee et al. for a multi-toxin analysis in
cultured algae and seawater samples.

Of note, the analysis of seawater by immunological tests is often
carried out by measuring, in the collected samples, the intracellular
content of biotoxins released after lysis of algal cells.

We would like to underline that all the mentioned chemical and
biochemical methods are based on manual handling and thus are not
suitable for real-time monitoring of the marine environment.

Our work was carried out in the frame of the European project SMS
(Sensing toxicants research in Marine waters make Sense using bio-
sensors) aiming to realize a novel automated networked system to be
used for real-time in situ monitoring of marine water chemical and
ecological status in coastal areas. Given our long experience in the
development of immuno-magnetic tests [28–33], and focusing the at-
tention on the measurement of algal toxins, here we describe the set-up
of non-automated direct competitive ELIMC (Enzyme-Linked Immuno-
Magnetic Colorimetric) assays as the basis to construct an automated
prototype suitable for on-line continuous monitoring of DA, OA and
STX in seawater. We decided to detect free algal toxins directly in
seawater for two main reasons: (i) no algal cell lysis is required and (ii)
these compounds have been detected in seawater even in the absence of
the producing algae [16].

The proposed ELIMC assays were designed by combining the ad-
vantages of magnetic beads (MBs) with the high performing and stable
reagent solutions supplied by commercial ELISA kits. In particular, the
96-wells micro-plates included in the kits were replaced by MBs used as
support of the immunological complex. Magnetic beads in fact can be
easily transferred and integrated in an automated flow system suitable
to be located in buoys across marine areas of Europe. To achieve this
goal, we developed ASMAT (Analytical System for Marine Algal
Toxins), a fully automated on-line analyzer based on the micro Loop
Flow Reactor (μLFR) technology [34], that enables unattended analysis
of Domoic Acid, Okadaic Acid and Saxitoxin. This novel analytical
device was at first assessed in laboratory and then installed on a floating
platform for on-line monitoring of the three algal toxins.

2. Materials and methods

2.1. Reagents

2.1.1. Direct competitive ELIMC assays
Domoic Acid ELISA kit was from EuroProxima (Arnhem, The

Netherlands); Okadaic acid and Satitoxin ELISA-kits were purchased
from Abraxis (Warminster, PA, USA). Reagents and materials included
in the kits are reported in Supplementary material (S1). Saxitoxin
standards in seawater (0, 0.02, 0.05, 0.1, 0.2, 0.4 ng/mL) were also
purchased from Abraxis and are stable at 2–8 °C. Goat Anti-Rabbit IgG
magnetic beads (supplied as a suspension containing 3.65×1010

beads/mL) were purchased from New England Biolabs (Ipswich, MA,
UK). Certified calibration solutions of OA, DA and STX, purchased from
the National Research Council (Ottawa, Canada), were used for the
evaluation of seawater matrix effect and for recovery studies. For cross-
reactivity study DTX1, DTX2 and GTX2&3 were provided from the
National Research Council, whereas palytoxin (PlTX) and brevetoxin
(BTX) were from Wako Chemicals (Neuss, Germany) and Santa Cruz
Biotechnology (Dallas, USA), respectively. Non-fat dry milk blotting
grade was purchased from Bio-Rad (Hercules, CA, USA). All the other
chemicals of analytical grade were purchased from Merck (Darmstadt,
Germany).

2.1.2. ASMAT
The same reagents used for the non-automated ELIMC assays were

employed to test the automated prototype.

2.2. Materials and apparatus

2.2.1. Direct competitive ELIMC assays
96-well polystyrene microtitre plates were purchased from Nunc

(Roskilde, Denmark). A rotary shaker and a magnetic rack/particle
concentrator (MPC) were from Dynal Biotech (Lake Success, NY). A
Model iMark™ micro-plate reader (Bio-Rad, Hercules, CA, USA) was
used for spectrophotometric detection.

A schematic representation of the ELIMC assay principle is reported
in Fig. 1. As shown, the interaction between Anti-Rabbit IgG,
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immobilized on the MBs surface, and Rabbit IgG (specific for the target
toxin), as well as the competition between toxin and toxin-HRP con-
jugate, towards the specific antibody, take place in a single and short
step procedure, carried out into a micro-tube. The non-bound reagents
are then discarded by capturing the MBs (that support the formed im-
munological complex) with a magnet. MBs are then dissolved in a
suitable HRP substrate solution. After a short incubation time, a stop
solution is added and the activity of the captured enzyme is spectro-
photometrically detected by measuring the rate of the color production.
In the presence of toxin, competition occurs and consequently the rate
of color production decreases proportionally to the concentration of the
toxin.

2.2.2. ASMAT
ASMAT is a multi-parameter monitoring system housed in a por-

table plastic case (46 (L) x 36 (W) x 18 (H) cm) equipped with a LCD
colour touch screen control pad (Fig. 2A). The storage, hydraulic, in-
cubation and measuring components were designed, built and as-
sembled by Systea laboratories (Anagni, Italy).

The base plate accommodates the liquid handling system, re-
frigerated and unrefrigerated reagent positions, the electrovalves and a
colorimetric flow cell (Fig. 2B). The instrument was conceived to au-
tomatically perform sequential chemical analyses of seawater samples.

The sampling system was developed to allow direct intake of sea-
water followed by 0.1 μm filtration and transfer into ASMAT. The
groundwork of the competition assay is the incubation and detection
system that consists of 5×10 x 10mm Suprasil Quartz flow cell with
5mm light path in which the immunomagnetic reactions take place at
controlled temperature (25 °C). An optical interference filter is used to
attenuate the blue LED emission and measure the Absorbance at
450 nm. The cuvette is connected to a mechanical arm provided with a
Neodymium magnet that allows for trapping the magnetic beads when
requested by the procedure. The hydraulic circuit includes two peri-
staltic pumps: one for washing, sampling and emptying the system,
with a higher flow rate, 2.4 mL/min in slow mode, 4.8mL/min in fast
mode, whereas the other, working at 0.3mL/min, is for dosing micro-
litre volumes of reagents.

Because most of the reagents required for the method need to be
refrigerated at 4 °C, a refrigerated compartment, composed of an iso-
lated aluminium block cooled by a Peltier element, was designed and
developed to contain two compartments for 10mL and eight for 4mL
vials. The washing solutions are stored at room temperature. To inject
any reagent or washing solution into the μLFR, the specific valve con-
nected with the reagent vial or the washing bottle is opened for a de-
fined time; simultaneously, one of the pumps is moving and the loop is
opened to ensure that the exact volume is introduced inside the system.

The analyzer is managed via dedicated software which provides overall
control of analytical operations and data acquisition functions by a
GSM/GPRS device.

2.3. Procedures

2.3.1. Direct competitive ELIMC assays
The 96-wells micro-plates provided with the commercial kits for

DA, OA and STX, were replaced by magnetic particles (MBs) pre-coated
with Goat Anti-Rabbit IgG. In a preliminary phase, MBs were washed
and blocked (to avoid nonspecific adsorptions) as reported below.

2.3.1.1. Preliminary washing-blocking procedure of MBs. After
resuspension of the Goat Anti-Rabbit IgG magnetic beads, 500 μL
were pipetted into a 2mL Eppendorf tube and washed twice in 1mL
of PBS pH 7.4+0.1% dry milk. The supernatant was discarded and the
MBs were resuspended in 1mL of PBS pH 7.4+ 3% dry milk (as
blocking agent) and incubated for 30min at room temperature (RT)
slow tilt rotation (using the rotary shaker). The blocked MBs were
washed twice in 1mL of PBS pH 7.4+0.1% dry milk. Finally, the
particles were resuspended in 500 μL of PBS+0.1% dry milk + 0.02%
NaN3. The pre-coated and blocked MBs are stable for 3 months if stored
at 4 °C. Between each washing step, the Eppendorf tube was placed in
the MPC for 2min and the supernatant was discarded.

The pre-coated and blocked MBs were then used as a solid phase to
set up a competitive immunoassay for each toxin.

2.3.1.2. Competitive immunoassay procedure for domoic acid detection.

1 Shake and transfer 10 μL of the pre-coated and blocked beads sus-
pension (stored at 4 °C) into a 2mL Eppendorf tube (in a number
required for the calibrants and/or samples to analyze);

2 wash 3 times with 1mL of Rinsing buffer 1X, every time shaking and
discarding the supernatant by placing the tubes MPC;

3 add in each Eppendorf tube:
a) 150 μL of ready to use standard solutions of DA (0, 0.05, 0.1, 0.2,

0.5, 1, 2 ng/mL) or seawater samples;
b) 75 μL of DA-HRP solution (diluted as described in 2.1 section);
c) 75 μL of rabbit anti-DA antibody (dissolved as reported in 2.1

section);
4 incubate for 30min at RT with slow tilt rotation;
5 wash 3 times with 1mL of Rinsing buffer 1X, every time shaking and
discarding the supernatant.

2.3.1.3. Competitive immunoassay procedure for okadaic acid detection.

Fig. 1. Schematic representation of the ELIMC assay for detection of DA, OA and STX.
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1 Shake and transfer 10 μL of the coated and blocked beads suspension
(stored at 4 °C) into a 2mL Eppendorf tube (in a number required for
the calibrants and/or samples to analyze);

2 wash 3 times with 1mL of Wash Solution 1X, every time shaking
and discarding the supernatant by placing the tubes MPC;

3 add in each Eppendorf tube:
a 200 μL of ready to use standard solutions of OA (0, 0.1, 0.2, 0.5, 1,
2, 5 ng/mL) or seawater samples;

b 100 μL of OA-HRP solution;
c 100 μL of rabbit anti-OA antibody;

4 incubate for 60min with slow tilt rotation at RT.
5 wash 3 times with 1mL of Wash solution 1X, every time shaking and
discarding the supernatant.

2.3.1.4. Competitive immunoassay procedure for saxitoxin detection.

1 Shake and transfer 10 μL of the coated and blocked beads suspension
(stored at 4 °C) into a 2mL Eppendorf tube (in a number required for
the calibrants and/or samples to analyze);

2 wash 3 times with 1mL of Wash solution 1X, every time shaking and
discarding the supernatant by placing the tubes MPC;

3 add in each Eppendorf tube:
a 100 μL of ready to use standard solutions of STX (0, 0.02, 0.05,
0.1, 0.2, 0.4 ng/mL) or seawater samples;

b 100 μL of STX-HRP solution;
c 100 μL of rabbit anti-STX antibody;

4 incubate for 30min with slow tilt rotation at RT.
5 wash 3 times with 1mL of Wash solution 1X, every time shaking and
discarding the supernatant.

2.3.1.5. Colorimetric measurements. The MBs contained in each
Eppendorf tube were resuspended in a suitable volume of the TMB-kit
solution: 300 μL for DA and OA assays, 200 μL for STX assay. After an
incubation time of 15min (for DA), 20min (for OA) and 30min (for

STX), at RT with slow tilt rotation, a volume of the H2SO4-kit solution
(300 μL for DA and 200 μL for OA and STX) was added to block the
enzymatic reaction and mixed well. Finally, 100 μL of each suspension
(three replicates for each toxin) were transferred into separate wells of
a microtiter plate and the absorbance was read at 450 nm.

2.3.2. ASMAT
The manual DA, OA and STX assays were properly adapted to the

prototype and the automated procedures are described in
Supplementary material (S2).

To achieve early warning protection, the system was programmed
to automatically generate an alarm immediately after detecting the
presence of a toxin.

2.3.3. Seawater sample collection in Alonnisos
The sampling in Alonnisos was done on May 11th and 12th, 2017. It

was done on 2 locations, one onshore (coastal) and one offshore (pe-
lagic) in order to capture possible water quality variations, depending
on location. On day 1, the coastal surface sample of 20 L was collected
from Station1 (S1) near the port of Alonnisos. The depth of S1 was
40 cm and its distance from the coast was 2m. On day 2, 20 L of pelagic
surface sample were collected from Station 2 (S2) in Alonnisos National
Marine Park. The depth of S2 was 90m and its distance from the coast
was 760m.

Water samples were collected by filling 5 L pitchers 10–20 cm below
the water surface from the two sampling stations. They were filtered
within 2 h after sampling on both days 1 and 2. One liter of each sample
was filtered through 0.45 μm PVDF filters. The filtrates were kept
frozen during the shipment to our laboratory where the analysis of DA,
OA and STX was carried out using ELIMC assays, ASMAT and ELISA
kits.

Fig. 2. A) ASMAT housed in a portable plastic
case (46 (L) x 36 (W) x 18 (H) cm) equipped
with a LCD colour touch screen control pad; B)
Scheme of the ASMAT organization: (1) sam-
pling device including microfilter and sampling
bag; (2) refrigerated positions for reagents and
storage area for washing solutions; (3) flow
injection system; including pumps, tubes and
valves; (4) flow cell inclusive of optical device,
mechanical arm for magnet positioning and
heating system; (5) control and data processing
system and communication module.
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3. Results and discussion

The first part of the present study describes the set-up of manual
direct competitive ELIMC (Enzyme-Linked Immuno-Magnetic
Colorimetric) assays to detect DA, OA and STX in seawater. These as-
says were designed by combining the high performing reagent solutions
supplied by the commercial ELISA kits (Abraxis and Europroxima) with
magnetic beads, used as support of the immunological complex. These
kits have been selected, among those commercially available, because
the primary antibodies (rabbit IgG, specific for the target toxins) are in
solution and therefore it is possible to immobilize them on an external
appropriate support. In particular, the 96-wells micro-plates pre-coated
with Anti-Rabbit IgG, able to bind the Fc region of rabbit IgG, included
in the kits, were replaced by MBs pre-coated with Goat Anti-Rabbit IgG.

The second part of this work was aimed to design and assemble a
novel analytical system suitable for on-line monitoring of DA, OA and
STX in seawater, without the need of operator intervention. Thanks to
the use of MBs, it was possible to transfer and integrate the manual
assays in an automated prototype, ASMAT, designed as a multi-para-
meter flow analyzer.

3.1. Direct competitive ELIMC assays

The ELIMC approach adopted in this work allows to combine the
selectivity of the antibody, the convenience of a separation step
(through the use of magnetic beads) and the straightforwardness of
colorimetric detection. All these features match well with the challenge
to develop an efficient system for in situ continuous monitoring of algal
toxins in seawater.

The use of magnetic particles, instead of the 96-wells micro-plates
(included in the kits), has resulted in the optimization of their volume,
to be added into each Eppendorf tube, and the selection of the best
blocking agent allows for avoiding unspecific adsorptions on their
surface. 10 μL of MBs (pre-coated with Anti-Rabbit IgG) and 3% dry
milk were chosen and used to construct calibration curves for DA, OA
and STX (following the steps reported in 2.3.1.2, 2.3.1.3, 2.3.1.4 and
2.3.1.5 sections).

In Fig. 3 A–C, a comparison between competition curves (for DA,
OA and STX) carried out using ELIMC assays and the corresponding
ELISA kits are reported.

The curves were constructed by plotting the % B/B0 (by dividing the
OD values of each standard for the mean OD value of the zero standard
and multiplying by 100) on the linear Y-axis versus the corresponding
toxin concentration on the logarithmic X-axis. The data of OA and STX
were fitted using a linear regression, while for DA they were fitted using
a nonlinear four-parameter logistic equation plot:

f(x) = yo + a / 1+ (x/x0)b

in which a and y0 are the asymptotic maximum and minimum va-
lues, respectively, b is the slope, and x0 is the x value at the inflection

point.
For each toxin, linear working range, sensitivity (50% B/B0) and

detection limit (LOD), defined as the concentration corresponding to
the f(x) value obtained by subtracting three standard deviation of zero
point from the mean of zero standard measurements, were calculated
for ELISA and ELIMC assays and the results are reported in Table 1.

All the results obtained indicate that the performances of ELIMC
assays are comparable to those of the ELISA kits; the advantage of
ELIMC assays is the possibility to be integrated into an automated flow-
colorimetric system, as later demonstrated.

As the ELISA kits for DA and OA, whose reagents have been used to
set up the ELIMC assays, are suitable for quantitative and/or qualitative
detection of the toxins in shellfish samples (as reported in the data
sheets) and the analysis of seawater samples is not specified, we
decided to test the possible matrix effect of seawater on the perfor-
mances of the ELIMC assays. A seawater sample, collected from the
natural reserve of Orbetello (Italy), was used as blank (endogenous
content of the target toxins below the detection limits of the ELIMC
assays). The experimental tests were performed analyzing in parallel
toxin standard solutions included in the kits, and the same concentra-
tions prepared in seawater. As shown in Fig. 4 A and B, seawater do not
affect the response of the assays. The same experiments were carried
out using ELISA kits with similar outcomes (data not shown).

On the other hand, the ELISA kit for STX is suitable for the detection
of the toxin in shellfish and water (freshwater and seawater) samples.
As seawater affects the response of the kit, Abraxis recommends the use
of suitable saxitoxin standards in seawater, commercially available
outside the ELISA kit. These solutions and also STX standard solutions,
prepared in Orbetello seawater, were analyzed by ELIMC assay to
evaluate the matrix effect. The experimental results were compared
with those obtained using STX standard solutions included in the kit
(Fig. 4C). A reduction of the linearity range (0.05-0.4 ng/mL in sea-
water instead of 0.02-0.4 ng/mL in buffer) was observed. Importantly,
the same matrix effect was observed using the ELISA kit (data not
shown).

Cross-reactivity of each ELIMC assay was evaluated towards toxins
belonging to the same class of the target and to other classes. Among
the toxins reported in the data sheets of the ELISA kits, we tested the
most readily commercially available. The results obtained (see Table S1

Fig. 3. Comparison between calibration curves obtained using ELISA kits ( ) and ELIMC assays (▼); DA (A), OA (B), STX (C).

Table 1
Comparison between detection limit (LOD), sensitivity (50% B/B0) and working
range (WR) obtained by ELISA kits and ELIMC assays, for each target toxin.

DA OA STX

ELISA ELIMC ELISA ELIMC ELISA ELIMC

LOD (ng/mL) 0.02 0.03 0.04 0.05 0.01 0.01
50 % B/B0 (ng/mL) 0.36 0.42 0.50 0.83 0.06 0.07
WR (ng/mL) 0.1 – 2.0 0.1 – 5.0 0.02 – 0.4
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in supplementary materials) were similar to those of the ELISA Kits.
Precision and recovery of the ELIMC assays were assessed by per-

forming a blind analysis of different aliquots of the blank seawater
sample, independently fortified by ENEA with fixed amount of the
target toxins. We tested in triplicate three concentration levels of DA,
OA and STX, repeating the analysis in three different days (n=9 for
each concentration, 3 replicates x 3 days). The results are reported in
Table 2.

For STX, given the presence of a matrix effect, the quantification
was carried out by constructing the calibration curve with STX stan-
dards in seawater (Abraxis).

The same spiked samples were analyzed in parallel by ELISA kits
obtaining similar results.

3.2. ASMAT

The manual ELIMC assays were integrated within a fully automated
system for the detection of DA, OA and STX. This is the result of a strict
and mutual collaboration between University of Tor Vergata and Systea
which has a long experience in developing, manufacturing and testing
automated analyzers for measuring chemical parameters in water.

The idea was to realize at first a prototype able to recognize and
quantify one algal toxin: domoic acid. Subsequently, by varying some
parameters set for DA, the analysis was extended to the other harmful
toxins: STX and OA.

The main variables that were studied during a preliminary testing
phase were: amount of magnetic beads, flow cell (designed to alter-
natively act also as a reactor, incubator and magnetic chamber),
number of washings, reagent container positions, reagent volumes and
analytical times. In particular, the system architecture, including re-
agent dilution and circuit washings, was optimized to solve problems
associated with carryover and affinity binding of the antibodies to
plastic materials.

Once established the best operational conditions, the measurement
module was calibrated towards DA, OA and STX (Fig. 5). For STX giving
the presence of a matrix effect (see Fig. 4C), the prototype was cali-
brated using seawater standards from Abraxis.

The analytical parameters (working ranges, 50% B/B0 and LODs),
less performing than that obtained using the non-automated ELIMC
assays, are reported in Table 3.

It was observed that the average RSD of the B/B0% signal (RSDresp)
for OA measurement (Fig. 5) was 5% but, given the poor slope of the
calibration curve, an average RSD of the concentration (RSDdose) equal
to 30% was calculated. For this reason, it was not possible to distinguish
between close concentrations (i.e. 0.1 and 0.2 ng/mL) of OA. However,
since the 0.1 ng/mL standard generated a signal decrease of about 20%
compared to the blank measurements, a semi-quantitative analysis of
OA could be performed. As for DA and STX, although the calculated
average RSDdose was 20 and 15%, respectively, it was possible to

Fig. 4. Evaluation of seawater matrix effect performed analysing, by ELIMC assays, standard solutions included in the kits (▼) and the same concentrations prepared
in Orbetello seawater ( ); DA (A), OA (B) and STX (C). For STX, standard solutions in seawater (commercially available) were also analysed ( ).

Table 2
Precision (RSD%) and recovery (R%) of ELIMC assays obtained analyzing sea-
water samples spiked with three concentration levels of each target toxin.

Toxin Spiked level
ng/mL

Measured concentration (mean ± sd)*

ng/mL
RSD % R %

DA 0.14 0.16 ± 0.02 12.5 114
0.42 0.37 ± 0.03 8.1 88
1.00 0.93 ± 0.08 8.6 93

OA 0.30 0.26 ± 0.03 11.5 87
1.48 1.30 ± 0.11 8.5 88
3.05 2.80 ± 0.30 10.7 92

STX 0.02 n.d. – –
0.10 0.10 ± 0.02 20 100
0.40 0.46 ± 0.04 8.7 115

* each value is the mean of 9 measurements (3 replicates x 3 days).

Fig. 5. Calibration plots obtained analysing, by ASMAT, standard solutions of
DA ( ), OA ( ) and STX ( ).

Table 3
Detection limit (LOD), sensitivity (50% B/B0) and working range (WR) obtained
by ASMAT, for each target toxin.

DA OA STX

LOD (ng/mL) 0.06 0.07 0.05
50 % B/B0 (ng/mL) 0.80 5.0 0.4
WR (ng/mL) 0.1 – 2.0* 0.1 – 5.0* 0.1 – 0.4*

* Concentrations higher than 2.0 (for DA), 5.0 (for OA) and 0.4 (for STX) ng/
mL were not tested: they represent the maximum concentration levels of the
standard solutions ready to use.
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discriminate between close concentrations (i.e. 0.1 and 0.2 ng/mL).
To respect the deadlines of the SMS project, the prototype was di-

rectly tested on real marine water samples collected in Alonnisos.

3.3. Analysis of real marine water samples collected in Alonnisos

Analysis of DA, OA and STX in real samples of pelagic and coastal
marine water, sampled in Alonnisos (see section 2.3.3) were carried out
in laboratory using ELIMC assays, ELISA Kits and ASMAT, for a com-
parative evaluation. No detectable concentrations of OA and STX were
found, while concentration levels of DA higher than the LODs of the
three methods, and just below the minimum value (0.1 ng/mL) of the
working ranges, were detected in both pelagic and coastal water.

3.4. Field tests of the ASMAT on a floating-platform

On-line suitability of ASMAT was demonstrated by a field installa-
tion within a floating platform, prepared by Systea in the port of La
Spezia (Italy). After a general testing cycle, performed for checking the
instrument, a full cycle of algal toxins analysis (calibration and sea-
water sample analysis) was executed. The results indicate the absence
of the target toxins in natural samples. To date the prototype has been
designed to analyze one toxin at a time, so that it was possible to carry
out three calibration curves and the analysis of three samples within
24 h. After few days of correct functioning, the reagents started showing
some signs of deterioration. Therefore, the platform was dismounted
and the modules were brought back to Systea laboratories where the
staff is working to evaluate the performances of the refrigerated com-
partment (incorporated into the instrument), in order to ensure the
stability of the reagents.

4. Conclusions

Marine biotoxins released as a consequence of toxic algal blooms
represent a serious concern for public health. Current offline methods to
detect marine biotoxins in seawater are limited and being based on
strategy including sampling on site, transport to the laboratory and
manual analysis, provide only temporary and discontinuous monitoring
of coastal areas under control.

In this work the re-modeling of ELISA kits to set-up direct compe-
titive ELIMC assays for the detection of domoic acid, okadaic acid and
saxitoxin in seawater, is presented. The proposed ELIMC assays com-
bine the high performing and stable reagent solutions, supplied by
commercial ELISA kits, the convenience of a separation step through
the use of magnetic beads, and the straightforwardness of the colori-
metric detection. All these features match well with the challenge to
develop an efficient system for in situ continuous monitoring of algal
toxins in seawater. With these assumptions, after verifying the cap-
ability of the ELIMC assays to detect DA, OA and STX in seawater, full
automation of the single manual operations has been implemented in
the ASMAT prototype. The instrument was conceived to automatically
collect seawater samples, dilute the reagents, analyze standards/sam-
ples, wash the circuit, and control/process data. At first, this novel
analytical tool was tested in laboratory to assess the analytical para-
meters and found capable of detecting sub-ppb levels of the target
toxins.

The suitability of the ASMAT for on-line monitoring of marine
toxins was then demonstrated, installing the instrument (integrated
with a communication module for real time data transfer to a control
center) within a floating platform. Besides the promising preliminary
results, there is still room for improvements in terms of stability over
time.
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