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Abstract

The monitoring of marine dinophysistoxin okadaic acid in seawater can serve as an early alert system for
preventing the potential negative effects this toxin can have on the food industry and human health in general.
A disposable sensor system for electrochemical detection of this toxin has been developed using screen-
printed electrodes. The method described is based on the inhibition of protein phosphatase type 2A by okadaic
acid, evaluating the enzyme activity. p-Nitrophenyl phosphate, 4-methylumberilphenyl phosphate and phenyl
phosphate have been tested as substrates achieving good limits of detection of 2.7-10™? M of okadaic acid.
The proposed method has been successfully applied to okadaic acid determination in seawater samples. A
study of divalent cations present in seawater that can interfere with the measurement has been carried out. The
electrode systems were printed on both rigid and textile backing materials to observe the influence of those

materials on the final performance of the sensor.
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1. Introduction

Okadaic acid (OA) is a marine lipophilic toxin produced by toxicogenic dinoflagellates, mainly belonging
to the genera Dinophysis and Prorocentrum [1], which may accumulate in the digestive glands of shellfish
when they feed on these kinds of microalgae [2, 3]. Although OA and its dinophysistoxin derivatives produce
no harmful effect in shellfish, it is the major diarrhetic shellfish poisoning (DSP) toxin in humans, causing
gastrointestinal troubles such as diarrhea, nausea, vomiting and abdominal pain. The toxicity mechanism of
OA and of all DSP toxins lies in blocking the active sites of the enzymes and therefore the consequent
inhibition of serine/threonine protein phosphatases typel (PP1) and type 2A (PP2A), resulting in an over-
phosphorylation of proteins in cells [4-6]. Human intoxication by DSP can have a disastrous effect on the
shellfish industry resulting in huge financial losses [7]. Early detection of these toxins in shellfish tissue, or
even directly in the seawater they inhabit prior to collection, could be key to minimizing the risk of collecting
infected shellfish. In this regard, the European Commission Regulation EU No 786/2013 establishes a
maximum permitted concentration of 160 pg of OA equivalents per kg of live bivalve molluscs for human

consumption [8].



Several methods for OA detection have been reported in an effort to protect people from the potential
health risks of eating contaminated shellfish. One of the most commonly used methods for years has been
mouse bioassay (MBA) [9, 10]. However, due to the ethical concerns surrounding animal testing and the poor

specificity of this method, new methods have been developed in recent years.

Immunological assays such as the enzyme-linked immunosorbent assay (ELISA) have been used due to
their high sensitivity and stability, since they rely on the structure of the toxin for detecting the interaction
between antibodies and toxins [11]. Immunosensors follow the main principle as that of ELISA methods,
linking antibodies to the electrode surface and obtaining the OA signal through electrochemical detection [12-
15]. Eissa and co-workers developed an immunosensor based on a screen-printed electrode modified with
graphene on which OA antibodies were covalently immobilized, providing a limit of detection (LOD) of 19
ng L™ [16]. Dominguez developed another immunosensor with an LOD of 150 ng L™ under flow conditions

[17].

Chromatographic techniques have also been widely used in the detection of DSP toxins, often coupled
with other techniques to improve detection. Such techniques include liquid chromatography coupled with
high-resolution mass spectrometry (LC-HRMS) [18], ion spray mass spectrometry [19], dual solid phase
extraction coupled with liquid chromatography-tandem mass spectrometry (SPE-LC-MS/MS) for the
simultaneous determination of multi-class cyanobacterial and algal toxins in water [20], high performance

liquid chromatography (HPLC) [21], and liquid chromatography-linked protein phosphatase bioassay [22].

Serine/threonine protein phosphatase inhibition has commonly been detected using colorimetric and
fluorometric techniques by monitoring changes of absorbance or fluorescence between the substrate and the
product of the enzymatic reaction [23-25]. The most common protein phosphatase used are PP1 and PP2A,

due to the high inhibition capability of OA on these enzymes.

The use of electrochemical techniques with screen-printed electrodes presents a promising alternative to
other costly techniques, offering many advantages such as low costs, inherent miniaturization and portability,
simplifying the measurement process. In fact, electrochemical biosensors have also been used to monitor

protein phosphatase inhibitions [26-30].



In this study, an electrochemical sensor system was developed based on the detection of the product of the
PP2A enzymatic reaction in the presence of OA with different substrates: p-nitrophenyl phosphate (p-NPP),
4-methylumbelliferyl phosphate (4-MUP) and phenyl phosphate (PP). The proposed method is a very simple
and sensitive procedure, detecting a concentration of 2.7-10%? M (2.17 ng L™). To the best of our knowledge,
this value is less than the lowest values obtained by other electrochemical methods mentioned in the
bibliography, even those that use immunosensors (Table 1). Only some chromatographic techniques coupled
with other techniques such as LC-HRMS reported by Bosch-Orea [18] are able to provide a better limit of
detection (0.3 ng L™). However, they require tedious sample treatments and expensive equipment, and have
only been used to detect OA in bivalve samples but not in seawater, which is a considerably more difficult

matrix to directly analyze using chromatographic techniques.
2. Experimental
2.1 Reagents and materials

All chemicals used in this study were of analytical-reagent grade or above and were used as received
without further purification. High-quality water (Milli Q A10 system, Millipore, Bedford, USA) was

employed for preparing all solutions.

OA in ethanol solution was purchased from Cayman (Michigan, USA), sodium chloride was provided by
Panreac (Barcelona, Spain), and p-nitrophenol (p-NP), 4-methylumbelliferone (4-MU), p-NPP, 4-MUP,

phenol and PP were all obtained from Sigma-Aldrich (St. Louis, MO, USA).

Lyophilized Protein Phosphatase A from human blood cells obtained from Zeulab (Zaragoza, Spain) was
rehydrated according to the procedure describe by Smienk [31], by adding 2 mL phosphate buffer solution
and mixing gently at 60 rpm for 60 minutes at room temperature on a New Brunswick Scientific orbital

shaker (Endfield, CT, USA).

Metal salts solutions for the synthetic sea water preparation and interferences study were prepared with
MgCl,, CaCl, and Cd(NOs3), provided by Panreac (Barcelona, Spain), and Zn(NOs),, CuSQ,4, Pb(NO3), and

HgSO, purchased from Merck (Darmstadt, Germany). KCI was provided by Scharlau (Barcelona, Spain),



NaHCO; was obtained from Fluka (Steinheim, Germany), and KBr and SrCl, were purchased from Merck

(Darmstadt, Germany).

Synthetic seawater was prepared according to the procedure that can be found in [32], by dissolving
23.926 g of NacCl, 4.008 g of Na,SO,, 0.026 g of H3BOs, 10.831 g of MgCl,-6H,0, 1.518 g of CaCl,-2H,0,

0.677 g of KCI, 0.196 g of NaHCO3, 0.098 g of KBr and 0.140 g L™ of SrCl, in 1 L of high-quality water.

Seawater samples were collected from mussel farms located in the Pontevedra coast, Spain. They were

stored at -20°C in high-density polyethylene bottles until analysis.

C10903P14 (carbon/graphite ink) and D2071120D1 (dielectric ink) were purchased from Gwent
Electronic Materials (Torfaen, U.K). Electrodag 6037 SS (Ag/AgCl ink) and Electrodag 418 (Ag ink) were

supplied by Acheson Colloiden (Scheemda, Netherlands).
2.2. Screen-printed carbon electrode (SPCE) fabrication

Home made SPEs, used in this work, consist of a carbon working electrode (area, 12.56 mm?), a carbon
counter electrode and a Ag/AgCl reference as a pseudoreference electrode. Ag ink was used in conductive
paths of SPEs. These electrodes were produced on a DEK 248 screen-printer (DEK, Weymouth, UK) by
sequential deposition of different commercial inks according to the procedure described in a previous work
[33]. The electrodes were printed using three different backing materials (BM): a 500 um thickness polyester
film (PMX981) provided by HiFi Industrial film (Dardilly, France), a Gore-Tex® Pro-Shell Nylon Liner and
a 2-Layer Gore-Tex® Paclite® Shell Ripstop, both purchased from Rockywoods Fabrics, LLC (Lovelan,
USA). These will be referred to hereinafter as backing material 1 (BM1), backing material 2 (BM2) and

backing material 3 (BM3), respectively.
2.3. Instrumentation and measurements

Electrochemical measurements were performed with a PalmSens® portable electrochemical potentiostat
(PalmSens® Instruments BV, Houten, The Netherlands) controlled by PS Trace software to collect the data
register. All measurements were carried out at room temperature using a screen printed Ag/AgCl

pseudoreference electrode.



The electrochemical measurements were performed by differential pulse voltammetry (DPV) from 0.00 V
to +1.20 V at 0.030 V-s™, applying a potential pulse of 0.028 V with a time pulse of 0.010 s in a 100 L drop
cast onto the electrodic screen-printed system. Blanks of 0.6 M NaCl were carried out between measures to

ensure that no substance is adsorbed on the electrode surface.

Table 1 - Summary of analytical methods employed for OA detection in real samples

Method 'I%i:tﬁrﬁ?;oune Linear range LOD Applicability Reference
LC HRMS 05—50ngL?  03ngL? S';g\t,s;fsr [18]
SPE-LC MS/MS 5—250 ug L™ 10ngL? Lake water [20]
Eleg'ggosg:]es?rical Amperometry 30 —250ng L™ - SEIL:J 1;fi%rn [27]
Flectrochemical Y <5pgL? 19ngL? © Mussels [16]
EL‘?E&LO”C:;T;S?I Amperometry  0.19—25pugL? 150 ng L-* Mussels [17]
Eleg'ggosg:]es?rical Amperometry  0.1.—4.0pugL"'  100ng L™ sEIL:thfi%; [34]
Eleatrochemical DPV - 380ngL?  Mussels [35]
Electrochemical DPV 0.78—500pgL?  500ngL?  Mussels [36]

Eleg'ggé?les?rical DPV 041 —563ngL-" 217ngL*  Seawater  This work

LC liquid chromatography, HRMS high resolution mass spectrometry, SPCE-LC solid extraction phase
coupled with liquid chromatography, MS/MS tandem mass spectrometry, SWV square wave voltammetry,

DPV differential pulse voltammetry.
2.4. Enzyme incubation

Aliquots of 750 pL were prepared containing either 1.10% M, 1-10° M or 1.5-102 M of p-NPP, 4-MUP
and PP substrate respectively, 50 puL of enzyme solution (1.73 mU), and OA in a range from 5-:10** M to
7-10™ M for spiked measurements. Lastly, the final volume was made up with 0.6 M NaCl solution or
synthetic seawater. In the case of the real seawater samples, 750 pL aliquots contained the same amount of
substrate and enzyme solution as described above, and 300 pL of the seawater sample. The final volume was
also made up with 0.6M NaCl. The aliquots were incubated for 30 minutes at 37°C in an oven and then

cooled down to 0°C to stop the enzymatic reaction until the electrochemical analysis.

3. Results and discussion



3.1. Optimization of the experimental parameters

The determination of OA is based on the electrochemical detection of products of enzymatic
dephosphorylation (p-NP, 4-MU and phenol), since the presence of OA implies a decrease in the

concentration of these products due to the enzymatic inhibition that it produces (Scheme 1).
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Scheme 1. Enzymatic reaction of the substrates a) p-NPP, b) 4-MUP and c) PP with PP2A enzyme

followed by the corresponding electrochemical oxidation of the products

The inhibition by OA was calculated as shown in Eq 1 below.

% Inhlbltlon—( 1) x 100 (1)
Where |, represents the oxidation peak current of the control sample, that is, the product of the enzymatic
reaction without the addition of OA, I; means the oxidation peak current of the product of the enzymatic

reaction in the presence of the selected concentration of OA.

The precision of the measurements was calculated in terms of reproducibility considering the relative
standard deviation (RSD) of the slopes of three calibration curves. From each calibration curve, LOD has

been calculated according to 3o/m (where o is the standard deviation of the blank, and m represents the slope



of the calibration curve) [37, 38]. In this case, o is the estimated standard deviation of the % inhibition caused

by the lowest concentration that was detected.

The enzymatic products p-NP, 4-MU and phenol were firstly studied using cyclic voltammetry between -
1.50 V and +1.50 V. The 4-MU product exhibits an irreversible oxidation peak at around +0.67 V (vs screen-
printed pseudoreference Ag/AgCI electrode) due to the oxidation of its hydroxyl group. However, p-NP and
phenol show both oxidation and reduction peaks. The oxidation peaks of p-NP and phenol appear at around
+0.89 V and +0.57 V respectively, corresponding to the oxidation of the hydroxyl group of each molecule.
The reduction peak of p-NPP at around —0.89 V is related to the reduction of the nitro group. In the case of p-
NP, although it exhibits two electrochemical peaks, the reduction peak is observed both in the substrate and in
the product. Therefore, the oxidation peak has been selected for the DPV study since it is only present in the

enzymatic product, with the aim of reducing the possible interferences that the unreacted substrate may cause.

Incubation time and incubation temperature were optimized to obtain the optimum electrochemical signal.
An incubation temperature range from +25°C to +90°C was checked; obtaining the most suitable operating
temperature so that the enzyme transforms the substrate to product at +37°C. The electrochemical signal
increases from +25°C to +37°C, where a maximum signal intensity is achieved, with enzyme activity then

starting to decrease, indicating that the optimal temperature is +37°C.

The enzyme/substrate ratio was also examined and the amount of PP2A and the concentration of substrate
for p-NPP, 4-MUP and PP were optimized. Different concentrations of substrate from 1-10“ M to 5102 M
and different amounts of buffered enzyme solution from 25 pL to 200 pL in a total volume of 750 pL were
studied. The optimized values were 50 pL of enzyme PP2A and a substrate concentration of 1-10% M, 1-10°

M and 1.5-10 M for p-NPP, 4-MUP and PP, respectively.
3.2 Proof of concept

Under the optimized parameters, a first electrochemical study was carried out in a 0.6 M NaCl solution.
This electrolyte solution has been selected as proof of concept to carry out the electrochemical measurements,
due to the high concentration of NaCl in seawater. With this aim, calibration curves of 0.6M NaCl samples

spiked with OA were performed in a linear range from 5-:10™ M to 7-10™ M of OA for p-NPP and 4- MUP,



and from 5:10% M to 7-10™** M of OA for PP, as it cannot detect 5:10™ M of OA. The analyses were
performed in the three electrodic systems with different backing materials. Figure 1 shows DPV curves after
the incubation process with different concentrations of OA, where current peaks appear centered at +0.89 V
(Figure 1.a), at around +0.67 V (Figure 1.b) and at around +0.57 V (Figure 1.c), which correspond to the
oxidation of p-NP, 4-MU and phenol respectively. As can be observed, the height of the oxidation peak
decreases as OA concentration increases for each product, confirming the inhibition suffered by PP2A in the
presence of OA. As can be seen in Table 2, the developed sensor system is able to detect an OA concentration
in the picomolar range using any of the studied substrates, displaying good reproducibility with RSD values
of less than 10 %. The use of one support material in place of another does not provide great differences in
terms of LOD. However, it was observed that BM1 provides a lower RSD value, which could be explained by
the better reproducibility of the electrode surfaces printed on rigid material compared to the flexible fabric

material BM2 and BM3.

Table 2 — Parameters obtained from calibration curves for the OA inhibition of PP2A enzyme versus OA

concentration in 0.6 M NaCl solution.

Backing  1Cs, Calibration Sensibility RSD LOD — Siop

Substrate - (nM/nA) (%) (pM) (pM)
material  (pM) Range (pM) (n=3) (n=3)
p-NPP BML1 86.1 3.7-70.0 555.6 2.6 3.7 0.1
p-NPP BM2 69.4 6.9-70.0 614.8 9.4 6.9 0.7
p-NPP BM3 60.6 3.3-70.0 676.2 8.1 3.3 0.3
4-MUP BM1 40.7 5.2-70.0 976.8 6.9 5.2 0.4
4-MUP BM2 458 3.3-70.0 1013.0 9.1 3.3 0.3
4-MUP BM3 44.9 2.7-70.0 882.2 8.2 2.7 0.2
PP BML1 39.2 7.6-70.0 795.9 4.0 7.6 0.3
PP BM2 40.8 8.8 -70.0 800.1 4.7 8.8 0.4
PP BM3 49.4 6.3-70.0 926.5 5.1 6.3 0.3




3.3 OA detection in synthetic seawater

After observing the results obtained in the 0.6 M NaCl solution, a closer approach was taken in synthetic
seawater to emulate real-life conditions and check the possible matrix effect that can take place in a more
complex system. As in the previous case, several samples with synthetic seawater, PP2A and p-NNP, 4-MUP
or PP containing spiked OA in a range from 5-10™* M to 7-10"** M were incubated and used to perform the
calibration curves with the three different BMs. The results obtained show that the synthetic seawater does not

produce a significant matrix effect, providing similar RSD and LOD values, as shown in Table 3.

Table 3 — Parameters obtained from calibration curves for the OA inhibition of PP2A enzyme versus OA

concentration in synthetic seawater solution.

Backing  ICs,  Calibration Sensibility  RSD. LOD Siop

Substrate - (nM/nA) (%) (pM) (pM)
material  (pM) Range (pM) (n=3) (n=3)
p-NPP BM1 60.8 6.3-70.0 688.8 8.5 6.3 0.5
p-NPP BM2 44.8 3.2-70.0 923.4 1.4 3.2 0.1
p-NPP BM3 49.7 8.3-70.0 954.7 42 8.3 0.3
4-MUP BM1 53.1 6.1-70.0 781.6 8.7 6.1 0.5
4-MUP BM2 47.1 6.5-70.0 7424 6.9 6.5 0.4
4-MUP BM3 45.8 7.7-70.0 918.5 6.8 7.7 0.5
PP BM1 83.9 7.0-70.0 593.8 6.3 7.0 0.4
PP BM2 60.8 6.3-70.0 809.3 4.0 6.3 0.3
PP BM3 55.0 8.0 - 70.0 905.8 8.7 8.0 0.7

3.4. Study of the inhibition type

10



The inhibitory effect of OA on different enzyme-substrate complexes was examined through the kinetics
parameter of the Lineweaver-Burk plots, Figure S1. For that, three regression curves were performed for each
substrate; one without OA, one with 5-10™ M OA, and the last one in the presence of 7-10* M OA.
Lineweaver-Burk plots showed that OA produces a mixed inhibition, indicating that these substrates bind at a
different active site than OA, which may result in their inhibition through changes in the three-dimensional
shape of the enzyme, decreasing its activity. This is in keeping with other studies referenced in the
bibliography that also support the claim that OA produces a mixed inhibition on the PP2A enzyme [4, 6, 39].
Kwm values were calculated, resulting in the following order: Ky pnee > Ku pp > Ky a-mup. These results suggest
that 4-MUP is the substrate with the most affinity for PP2A, while p-NPP has the least affinity for it among

the three substrates studied.
3.5. Interference study

Seawater is a complex matrix where metal ions of oligo-elements or heavy metal contaminants may be
present, and they may also induce the inhibition of PP2A. Figure 2 compares the inhibition- of different
divalent cations with that caused by OA. The results indicate that a concentration of 1-10° M of mercury or
copper ions produce a strong inhibition of the enzymatic dephosphorylation of PP2A, similar to the inhibition
produced by 7-10** M of OA. However, the inhibition is not observable at lower concentrations of 1-10° M
of these cations. On the other hand, Mg®*, Ca*", Pb?®" Cd** and Zn*" exhibit either only a small sign of
inhibition or none at all. In fact, some of the cations exhibit a slight increment of the enzymatic products,
which may be due to the catalytical and central role that metal ions play in the activation of a water molecule
for the dephosphorylation reaction [40]. Furthermore, the purification and long-term storage of PP2A may
render the enzyme metal dependent to maintain the activity [41], broadening its substrate specificity [42]. It
should also be noted that when p-NPP is employed as the substrate, the inhibition by metal ions is generally
higher than when 4-MUP is used. This may be explained by the specificity between enzyme and substrate,

showing that PP2A has a higher affinity for 4-MUP than p-NPP.

3.6. OA detection in real seawater samples

11



Two seawater samples collected on the same day from the Atlantic Ocean off the Galician coast during
red tide were analysed, in order to determine the OA present in this water. The collected samples were
incubated with the enzyme and the substrate, and measured in triplicate using DPV for each of the three
substrates. Given that the tested BMs do not offer any significant differences, the samples were measured
using only BM1 as backing material of the electrodic system. The intensity of the current (peak height)
allowed for the determination of OA in the problem samples using the previous calibration curves performed,
obtaining the results shown in Table 4. The samples were also analysed using the ELISA [31] method,
providing a concentration of OA < 50 pM. This demonstrates that all three substrates exhibit good capability

in the determination of OA.

Table 4 — OA concentration measured in seawater samples, with the different substrates.

swsrate | RS S
p-NPP 49+ 4 pM 48 =10 pM
4-MUP 48 +5pM 47 +5pM

PP 48 +7 pM 50 + 5 pM

Conclusions

In this work, an electrochemical method using disposable electrodes was developed based on the
inhibition of the PP2A enzyme by okadaic acid (OA), and applied to the detection of this marine diarrheic
shellfish poisoning toxin in seawater. p-nitrophenyl phosphate, phenyl phosphate and 4-methylumbelliferyl
phosphate demonstrated to be appropriate substrates to monitoring the inhibition by measuring the intensity
decrease of the oxidation peak of their enzymatic reaction products. Okadaic acid was seen to behave as a

mixed inhibitor in the presence of the three substrates.

The method uses only a small amount of enzyme and is highly sensitive, simple and rapid. It has proven to
be capable of detecting low OA concentrations (LOD = 2.7-10™ M) in seawater samples that have not
received any treatment. An interference study was also performed, showing that metals ions present in

seawater do not interfere with the determination of OA.

12



The influence of the backing material of the electrodic system was also studied, observing that flexible

textile supports offer results comparable to those obtained with rigid supports.

The method allows the determination of OA at concentration levels of 10'M in seawater, the aim of

which is to provide an early warning method to prevent the contamination of mussels with OA.
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Figure Captions

Fig. 1 Differential pulse voltammograms of PP2A enzymatic reaction products a) p-NP, b) 4-MU and c)
Phenol after incubation in presence different concentration of OA. Insets show the corresponding calibration
curves of PP2A inhibition rates versus OA concentration (0.5 — 70.0 pM in a) and b) and 5.0 — 70.0 pM in c))

in 0.6 M NaCl.

Fig. 2 Results of the interference study of the inhibition of PP2A activity by different divalent metal ions

added in a concentration of 1-10° M
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Fig. 2
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HIGHLIGTHS

Development of a simple, sensitive and inexpensive method for the voltammetric
determination of OA using screen-printed carbon electrodes (SPCES).
Good analytical performance was obtained in the determination of OA.

Possibility of determining OA in seawater without any treatment at very low
concentration.
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