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Abstract: A novel electrochemical immunosensor for the detection of the important marine biotoxins 

domoic acid (DA) and okadaic acid (OA) was developed. The sensors used carbon black modified 

screen-printed electrodes (CB-SPE) obtained using a high-throughput method. The electrochemical 

performance and stability of CB modified SPEs and bare carbon SPEs (c-SPEs) were compared using 

cyclic voltammetry and electrochemical impedance spectroscopy. CB-SPEs showed improved long-

term (at least six months) stability and electro-catalytic properties compared with c-SPEs. The CB-SPEs 

were bio-functionalized with DA or OA protein-conjugates and used to develop two indirect 

competitive immunosensors using differential pulse voltammetry (DPV). The DPV signals obtained for 

the OA and DA immunosensors  fitted well to four-parameter dose-response curves (R2>0.98) and 

showed excellent LODs (LOD=1.7 ng mL-1 for DA in buffer; LOD=1.9 ng mL-1 for DA in mussel extract; 

LOD=0.15 ng mL-1 for OA in buffer; LOD=0.18 ng mL-1 for OA in mussel extract). No significant 

interference of the naturally co-occurring marine toxins saxitoxin, tetrodotoxin and OA was detected 

for the DA immunosensor. Similarly, for the OA immunosensor saxitoxin, tetrodotoxin and DA did not 

cross-react and very limited interference was observed for the dinophysis toxins DTX-1, DTX-2 and 

DTX-3 (OA congeners). Moreover, both immunosensors remained stable after at least 25 days of 

storage at 4 °C. This work demonstrates the potential of affordable, mass-produced nanomaterial-

modified SPEs for marine toxin detection in shellfish.  

Keywords: Carbon Black; Toxin; Electrochemistry; Pulsed Voltammetry; Immunoassay; 

Immunosensor; Screen Printed Electrode  



Introduction 

Global food security is under immense pressure due to population growth, declining fresh water 

supplies, climate change and the struggle to increase crop production without further biodiversity 

depletion[1,2]. An interesting possibility is to increase sustainable aquaculture production in 

developing countries, especially the culturing of lower trophic and extractive species, such as molluscs, 

since such species can feed on waste products and reduce the water nutrient load [3]. Moreover, 

aquaculture is profitable and the sector has a projected growth of >50% in Africa over the next decade 

[3]. Although these figures are encouraging, it means that shellfish farming will increase in remote 

areas with limited analytical facilities to test for a range of key regulated and frequently occurring 

marine toxins, such as okadaic acid (OA) and domoic acid (DA). These toxins, which do not degrade 

through cooking or freezing, accumulate within filter feeders and can cause gastrointestinal illness 

(OA and analogues) and in some cases neurological damage (DA), [4], [5]. Unfortunately, the 

occurrence of the harmful algal blooms producing these toxins is increasing globally as a result of  

eutrophication [6] and climate change [7]. Furthermore, marine toxin containing algae can cause 

reduced feeding in mussels and affect mussel quality [8]. Thus, developing practical solutions enabling 

point-of-site monitoring by the non-expert is paramount to answer to the global need for such tools 

and ensure that sustainable aquaculture production of shellfish  is achieved safely and in an affordable 

manner.   

Electrochemical biosensors are a potential option for this purpose [9]. Especially because they can  

often provide more sensitive and quantitative results than their colorimetric equivalents (e.g. the 

lateral flow assay) [10]. Quantification of toxin will allow important decision making regarding shellfish 

harvesting and limiting food waste. Moreover, affordable and disposable sensors can be made using 

techniques such as screen-printing or inkjet while, unlike in colorimetric assays, matrix issues such as 

turbidity and colour do not affect the measurements. As a result electrochemical methods may be 

better suited for analyses in complex food matrices [11] [12].  



Sensitive DA detection with carbon screen-printed electrodes (c-SPEs) has been reported by Micheli 

et al., [13] with a limit of detection (LOD) of 5 ng mL-1  and Kania et al., [14] with a LOD of 0.1 ng mL-1. 

However, both LODs were calculated in buffer and c-SPEs have been known to suffer from fouling 

issues. Moreover, sensitivity of carbon electrodes can be limited. For instance, the maximum and 

minimum currents recorded by Micheli et al., [13] only varied between ~1-10 µA.  In another study 

the sensitive quantification of OA using c-SPEs (LOD~ 1 ng mL-1)  was reported [15]. However, 

approximately 1.5 µg of unconjugated OA was covalently immobilised to the bare working electrode 

directly, without the use of a protein-based bioconjugate, making the sensor very expensive due to 

the high cost of the toxin. In a separate study using chronoamperometric detection of tetrodotoxin 

with modified screen-printed gold electrodes, it was observed that direct functionalisation of the 

electrode surface with tetrodotoxin required a 40-fold increased use of the toxin in comparison with 

a colorimetric method [9]. Reduction in toxin use may be achieved by: (i) using a suitable nanomaterial 

to modify the surface of the working electrode (WE) to limit fouling which helps to limit capacitive 

current; (ii) combining this with pulsed voltammetry to increase the faradaic/capacitive current ratio; 

and (iii) using toxin-protein conjugates to limit the required toxin amount [16–19]. Improved 

sensitivity may also facilitate analyses with portable instruments with lower resolution (such as the 

Sensit Smart (https://www.palmsens.com/product/sensit-smart/).  

Modifying SPEs with nanomaterials can substantially increase SPE sensitivity as shown for the 

quantification of OA (LOD 8 pM in buffer) with Au-nanoparticle and phosphorene modified SPEs by 

differential pulse voltammetry (DPV) [20], and other SPE based assays [21,22]. Moreover, such 

modifications were shown to improve toxin detection with various electrochemical biosensors due to 

an increase in electroactive surface area and better electron transfer [23]. However, it has been noted, 

in a review by the Palleschi group, that the use of these materials is often expensive and not suited 

for mass-production of the sensors due to difficulties in implementing the complex surface 

modification protocols required [12]. One very interesting nanomaterial that may overcome these 

issues for carbon SPE modification, is a by-product created by partial combustion of aromatic 

https://www.palmsens.com/product/sensit-smart/


hydrocarbons in oil furnaces. This material, carbon black (CB), is particularly advantageous for c-SPE 

modification since it has been shown to match or outperform carbon nanotubes, graphene oxide and 

reduced graphene oxide-modified SPEs in terms of background currents and electrocatalytic activity. 

Moreover, the material is low cost (~1 € Kg-1), improves sensitivity, is resistant to fouling, has stable 

dispersions (~2 weeks), and no pre-treatments are required [17,24–26]. The potential of various types 

of CB for electrochemical sensing  have recently been compared [27].  Of the CB types compared, 

N220 has great potential for c-SPE modification although some other good alternative CB types also 

exist (especially N115 and HP 160). The main features that makes these CBs performant for 

electrochemical sensors are, (i) their small size (10-40 nm), which ensures compact and uniform film 

formation, (ii) the high number of defect sites in the carbon onions due to incomplete graphitization, 

and, (iii) the high C-O content, especially -O-C=O content. These last two features play a crucial role in 

the electro-catalytic performance of the electrode [27]. Indeed, N220 has been successfully used for 

the detection of a variety of compounds [24] [18]. However, the reported devices have mainly been 

made through manual modification of the WE using multiple drop-casting steps and have rarely been 

used for the development of immunosensors. In order to better adapt the technology for large-scale 

sensor production, a faster and automated c-SPE modification procedure is needed. Additionally, 

detailed stability studies of such SPEs are required to determine storage possibilities and enable 

commercial application of the technology. Finally, a biosensing approach that is easily made 

compatible for immunosensors targeting various targets may enhance piggybacking potential without 

lengthy assay development. Such versatility may enable rapid application of the technology for the 

detection of a multitude of targets.    

In the present study, an automated modification-strategy suitable for mass-production of N220 

modified SPEs (CB-SPEs) using a one-drop casting step is described. The performance and six-month 

storage stability of the developed CB-SPEs were characterised in detail and compared with the stability 

of c-SPEs. Finally, the sensors were used to develop two separate biosensors, following the same 

immunoassay format, for the detection of DA and OA in mussels.  



Material and methods 

Chemicals, equipment and software 

A detailed description of the chemicals, equipment and software can be found in the supplementary 

information. Monoclonal anti-DA and anti-OA mouse antibodies (DA-mAb and OA-mAb) were 

developed within the Institute for Global Food Security and previously characterized [28,29].  

Bioconjugate preparation  

For OA conjugation to ovalbumin (OVA) the study of Llamas et al., [30] was followed. Briefly, N-

hydroxysulfosuccinimide (20 µmol) and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (40 µmol) 

were dissolved separately in 2-(N-Morpholino)ethanesulfonic acid (MES) buffer (50 mM,  500 mM 

NaCl, pH 5.0, 50 μl) and added to a solution containing OA (2.4 µmol) in anhydrous dimethylformamide 

(DMF) (100 μl). The mixture was incubated for 30 minutes at room temperature (RT) to activate the 

OA. OVA (5.0 mg) was dissolved in phosphate-buffered saline (PBS) (800 μl, pH 7.2), and pyridine (10 

μl) added to minimise precipitation. The activated OA mixture was added dropwise to the solution to 

ensure homogeneous hapten conjugation. The mixture was incubated for 12 h at 25 °C and purified 

by dialysis against NaCl (0.5 mM). For DA conjugation to bovine serum albumin (BSA) a previously 

characterised conjugate [18] was used using a previously described protocol [31]. Briefly, 8 and 16 

µmol of N-hydroxysuccinimide and dicyclohexylcarbodiimide were individually dissolved in DMF (50 

μL) and added to DA (3.2 µmol; dissolved in 100 μL of DMF). The solution was mixed and left to react 

by slowly stirring for 4 hr at RT then centrifuged (1000 RCF, 10 min, 20 °C). The supernatant was added 

drop wise to a solution of 0.9 mL of borax buffer (made using boric acid; pH 8.7) containing 5 mg of 

BSA while stirring. This mixture was left to react for 4 hr, dialyzed using 10kDa molecular weight cut 

off cartridges against 0.5 mM PBS (4 × 5 L ; 6h) and ultrapure water (1 × 5 L; 6h), and finally stored 

frozen at − 40 °C.  



SPE manufacturing and modification 

The reference electrode was printed with silver/silver chloride ink. The counter electrode and WE 

(geometric area of 0.0314 cm2) were printed with graphite ink. Polymeric dielectric ink was used to 

insulate the electrodes. Electrodes were cured in an oven in between each printing step. For SPE 

modification with CB, 3 mg mL-1 CB dispersions were made in DMF:H2O (1:1, v/v) by sonification using  

a Hielscher’s UP 200ST.  Various amounts of the dispersions were dropcasted on the WE using a Biodot 

XYZ3210 dispenser. Optimum drop deposition was evaluated visually (Fig. S1) in terms of WE coverage 

and determined to be 1.0 µL. The dropcasted SPEs were dried in a humidity chamber (65% humidity; 

25-23 °C; overnight) to ensure a uniform coverage of the WE and avoid coffee-ring formation.  

Electrochemical characterization 

Cyclic voltammetry (CV) experiments were performed in 0.1 M KCl in the absence or presence of 5 

mM [Fe(CN)6]3−/4−. Potential was scanned from − 0.3 to 0.6 V with a scan rate of 0.05 V s−1 and a step 

potential of 0.01 V for 2 cycles, except for the CV experiments used to determine the active surface 

area where scan rates were varied (between 0.01 and 0.5 V s-1).  Electrochemical impedance 

spectroscopy (EIS) experiments were conducted in 1 mM [Fe (CN) 6] 3-/4- with 0.1 M KCl. The applied 

potential was 0 V versus the open circuit potential (VOCP) and the frequency range was varied from 100 

kHz to 0.1 Hz using a 10 mV amplitude. DPV was performed over a potential range from -200 to 500 

mV at a scan rate of 300 mV s-1
 and a potential step of 30 mV. The pulse amplitude was set at 70 mV 

and pulse width at 0.1 s. DPV measurements were used for the electrochemical immunoassay (see 

below) and to determine the sensitivity of bare and CB-modified SPEs for 1-naphthol. For the latter, 

1-naphthol concentration was varied from 0.010 mM to 5 mM.  

Electrochemical immunoassays 

Various concentrations (7.5 µg mL-1 to 30 µg mL-1) of BSA-DA, OVA-OA and BSA solution in carbonate 

buffer (0.1 M; pH 9.6) were dropped on the WE (2 μL) and incubated for 1 h. The SPEs were then 

washed twice with 100 µl of phosphate-buffered saline (50 mM) containing 0.1% tween (PBST; pH 7.4) 



and once with 100 µl phosphate-buffered saline (PBS; 50 mM; pH 7.4).  The WE surface was blocked 

by dropping 2 μL CB containing 2% BSA and incubated for 30 minutes. The SPEs were washed again 

using 100 µL PBST (twice) and 100 µL PBS (once). Next, 1.6 µL of various concentrations of DA-mAb or 

OA-mAb in reagent buffer (PBST + 1% BSA; pH 7.4) were dropped on the SPE and incubated for 45 

minutes. The SPEs were washed again using the same procedure. Next, 1.6 µL of various dilutions of 

rabbit anti-mouse-Igg alkaline phosphatase conjugated polyclonal antibody (pAB-ALP) in reagent 

buffer was dropped on the SPE and incubated for 30 minutes. After this step a PBS + 1% tween solution 

(pH 7.4) was used to wash (100 µL) the SPEs twice followed by one wash (100 µL) with PBS. All 

incubations were performed in a humid chamber at RT. The SPEs were covered with PBS at the end of 

the incubations and kept in the chamber until measurement. Before measurements the SPEs were 

carefully tapped dry after which 60 µL of diethanolamine buffer (DEA) (1M; pH 9.6) containing 5 mg 

mL-1 1-naphthyl phosphate (1-NP) was added. DPV measurements were started after 2 minutes of 

incubation. Optimisation experiments to determine optimal amounts of DA/OA-mAb, pAb-ALP and 

DA-BSA/OA-OVA were conducted without toxin addition using a negative control for each condition. 

The final immunoassays were conducted using addition of toxins spiked in reagent buffer and diluted 

from 100 µg L-1 for OA, and 5000 µg L-1 for DA, down to no toxin addition.  Fig. 1 depicts the sensing 

principle applied. 

[Insert Fig. 1. A scheme showing the indirect competitive immunoassay format used for marine 

toxin detection.] 

Stability study  

Twelve groups of five SPEs were cut out of a sheet of 96 freshly printed SPEs. Six randomly chosen 

groups of these SPEs were modified with 1.0 µL of the 3 mg mL-1 CB dispersion. The electrochemical 

performance of one of the groups of CB-SPEs and c-SPEs was immediately characterised (day 0) 

through CV and EIS experiments. The other groups were vacuum packed and stored in a dark cupboard 

at RT. The performance of these SPEs was characterised through CV and EIS experiments after 7, 20, 

60, 90 and 180 days respectively. Working stability was characterised for both c-SPE and CB-SPEs 



through CV experiments. Briefly, 50 cycles (scan rate 0.05 V s−1; step potential 0.01 V) were run 

consecutively for each SPE type (n=3). Anodic peak currents were extracted every fifth CV and used 

for statistical analyses. 

Extraction procedure 

The extraction protocol is adapted from the protocol developed by Chen et al., that was optimised for 

the simultaneous extraction of hydrophilic and lipophilic marine toxins from algae for LC-MS analyses 

[32]. Thus, it was decided to look at matrix effects here using post-extraction spiking. Toxin negative 

homogenized mussel (1 g) was mixed with 2 mL of pure methanol and 0.1M acetic acid (50/50; v/v) 

and shaken vigorously (5 min).  PBS (27 mL) was added and vortexed for 1 minute and the suspension 

filtered using a syringe filter (Millex-SV; 5 μm). For the immunosensor for OA detection 22 µL of the 

filtrate was added to 178 µL reagent buffer. For the immunosensor for DA detection 6 µL of the filtrate 

was added to 194 µL reagent buffer. The solutions were then spiked with OA (range 100-0.01 ng mL-

1) or DA (range 5000-0.016 ng mL-1). The dilution factors (266X for the OA immunosensor and 1000X 

for the DA immunosensor) were chosen to limit the matrix effect and keep enough sensitivity to detect 

each toxin well below the EU regulated maximum residue levels (MRLs) [5,33].   

Interference study 
Selectivity of the biosensor for DA detection was tested against the toxins tetrodotoxin (TTX), OA and 

saxitoxin (STX).  For the biosensor detecting OA selectivity was tested against TTX, STX and DA. The 

concentrations added were 12 ng mL-1 STX and 0.75 ng mL-1 TTX for both biosensors. For the biosensor 

detecting DA; 2.5 ng mL-1 OA was used. For the biosensor detecting OA; 300 ng mL-1 DA was used. The 

concentrations chosen represent fourfold (for the OA biosensor) and 16 fold (for the DA biosensor) 

higher concentrations than  the EU regulated or advised (for TTX) action levels in shellfish (taking the 

dilution factor used for the matrix curves into account) [33] [34]. Additionally, interference of a 

mixture of 0.75 ng mL-1 TTX, 12 ng mL-1 STX and 2.5 ng mL-1 OA was tested for the DA biosensor, while 

interference from a mixture of 0.75 ng mL-1 TTX, 12 ng mL-1 STX and 300 ng mL-1 DA was tested for the 

OA biosensor.  Interference from L-glutamic acid, L-glutamine, aspartic acid and L-ascorbic acid, 



(usually present in shellfish tissue) was also tested. These compounds were mixed together at 10 µg 

mL-1 per compound in reagent buffer, following the concentrations used in a previous study [28]. The 

signals obtained with the interfering compounds were compared with the signal obtained at 0 ng mL-

1, 1 ng mL-1 and 10 ng mL-1 of OA in reagent buffer for the OA biosensor and 0 ng mL-1, 20 ng mL-1 and 

200 ng mL-1 of DA for the DA biosensor.  Finally, the cross-reactivity with dinophysis toxins DTX-1, DTX-

2 and DTX-3 (OA congeners within the diarrheic shellfish toxin group) was calculated for the OA 

biosensor. The tested range was 2000 ng mL-1 to 0.01 ng mL-1 for DTX1-3 and 100 ng mL-1 to 0.01 ng 

mL-1 for OA (n=3). Cross-reactivity was calculated as follows: (([IC50] for OA)/ ([IC50] for DTX))*100. 

Statistical analyses and calibration curve fitting  

ANOVAs, T-tests, Sidak’s, and Tukey’s multiple comparison adjusted post hoc analyses (with p=0.05 as 

significance cut-off), linear and non-linear regressions, and slope analysis of covariance (ANCOVA) 

tests were performed in Graphpad v6.0 (San Diego; CA; USA). A four-parameter dose-response curve 

was used for all non-linear curve fits. LOD, IC50 and linear range were determined by interpolating 

90%, 50% and 20-80% signal values from the fitted normalised curves respectively. To analyse the EIS 

data Nyquist plots were fitted in the theoretical equivalent of an adapted Randles Circuit (capacitor 

replaced by CPE element) using Z-view. The Levenberg-Marquardt algorithm was used to obtain the 

minimum complex non-linear sum of squares for each fit.  

Results and discussion  

Active surface area and working stability 

CV experiments in 0.1 M KCl revealed a slight increase in capacitive current (<0.05 µA at the potential 

range -0.1 to 0.4 V) for CB modified SPEs compared to c-SPEs (Fig. 2a). However, the peak anodic 

current in [Fe(CN)6]3−/4− was approximately 30 µA higher than the peak anodic current for c-SPEs at 

the same scan rate (0.05 V.s-1), indicating a substantial increase in the faradic/capacitive current ratio 

for CB-SPEs compared to c-SPEs. Peak-to-peak separation was clearly reduced compared to c-SPEs at 



any given scan rate and increased less at faster scan rates (Fig. 2b). The anodic (IA) and cathodic (IC) 

peak currents increased linearly in function of the square root of the scan rate over a range of 0.01-

0.5 V.s-1 which is characteristic of semi-infinite linear diffusion controlled mass transport (Fig. 2c). 

An ANCOVA showed that the slopes were clearly different (p<0.0001) with CB-SPE featuring a ~4 fold 

more sensitive slope than c-SPE (95% slope confidence intervals of  255.4 to 264 and -271.6 to -263.9 

µA.(√(V s-1))-1  for CB-SPE IA and IC respectively versus 61.97 to 72.61 and -67.28 to -57.25 µA.(√(V s-1))-

1  for c-SPE IA and IC respectively). The slopes obtained were then used to calculate the active surface 

area of the WEs using the Randles-Sevcik equation for reversible redox processes as described 

previously [18] (Fig S2a). The active surface area was 0.018 and 0.070 cm2 for c-SPEs and CB-SPEs 

respectively (a ~3.8 fold increase for CB-SPEs with respect to c-SPEs). The working stability of the SPEs 

was also characterised (Fig. 2d). Anodic peak currents increased slightly at consecutive cycles for both 

electrodes, likely due to similar changes to the WE surface observed with anodic pre-treatment [35]. 

This increase showed quasi-linear behaviour (R2 for linear regression lines were 0.63 for c-SPE and 

0.89 for CB-SP with a slightly increased slope for CB-SPE compared with c-SPE (ANCOVA; p<0.05). Yet, 

internal variance (variance of IA over the replicas measured at each CV cycle; Fig. S2b ) was significantly 

lower (two-tailed T-test p<0.0001) for CB-SPEs (2.2 ± 0.8 %) over all measured CV cycles than for c-

SPEs (8.0 ± 1.4 %).  The total % variance in IA (Fig. S2c) was not significantly different for CB-SPE and c-

SPE (two-tailed T-test p= 0.06) and ranged between 18 ± 7 % for c-SPE and 15 ± 5 % for CB-SPE 

illustrating the importance of keeping CV cycles constant when performing experiments.  

[Insert Fig. 2. Cyclic voltammetry characterisations.] 

 

Storage stability 

CV and EIS experiments were conducted using CB/c-SPEs directly after fabrication and after 7, 20, 60, 

90 and 180 days of vacuumed storage at RT (Fig. 3). The cyclic voltammograms indicated little change 

in redox reversibility and electro-catalytic activity over the studied six-month period (Fig. 3a) with CB-

SPEs always outperforming c-SPEs. A two-way mixed effect ANOVA analyses (Table S1) of the 



extracted anodic peak currents was significant for SPE type and time (p<0.0001). There was no 

significant interaction effect observed (p=0.17). Post-hoc analyses comparing c-SPE and CB-SPE anodic 

peak currents at each time point showed that CB-SPEs outperformed c-SPEs at all time-points 

(p<0.0001 up to p=0.025 depending the time-point; table S2). Maximum peak current variance 

between time-points was ~10 µA for both SPE types (~17 % for CB-SPEs and ~30% for c-SPEs) (Fig. 3b). 

Some significant differences in IA between time points within SPE type were observed (Table S3): for 

CB-SPEs between days 0 and 7 (p=0.0086) and for c-SPEs between days 7 and 180 (p=0.01) and days 

20 and 180 (p=0.005). No significant differences in IA were observed between days 0 and 180 for any 

SPE type. Regarding redox reversibility (Fig. 3c) mixed effect ANOVA analyses (Table S4) only showed 

a significant difference for SPE type (p<0.0001). Post-hoc analyses comparing c-SPE and CB-SPE at each 

time point showed that CB-SPEs outperformed c-SPEs in redox reversibility at any given time point in 

the analyses (p value between 0.0002 and 0.0137 depending the time-point) except at day zero 

(p=0.067) (Table S5). This non-significant hit at day zero can be attributed to the high variance 

observed in redox reversibility for c-SPEs. In fact, variance in reversibility was much higher overall for 

c-SPEs than CB-SPEs (Fig 3c). Stability of the SPEs was characterised by EIS using [Fe(CN)6]3−/4− with 

0.1M KCl as the redox probe (Fig 3d-f). Nyquist plots were fitted to a theoretical circuit (Randles circuit 

with the capacitor replaced by a constant phase element (CPE); Fig. 3d inset panel). 

• Rz’0 describes a combination of the electrolyte, intrinsic material and contact resistance [36]. 

• Rct describes the electron-transfer resistance and is related to the diameter of the semi-circles 

observed in the Nyquist plots.  

• Rw is the Warburg resistance and models diffusion resistance. Rw is represented in the 

Nyquist plots as a line at 45° increment in the high-frequency range. 

• The α values obtained for the CPE describe to which extend the CPE behaves as a capacitor 

with α ~ 1 being an ideal capacitor and decreasing α values between 1 and 0.5 describing 

increased capacitive dispersion caused by the double layer [37].  



Fig. 3d and Fig S3 show typical fittings of the data to the model. All fitted curves had χ2 values 

< 0.001. Fig. 3e and Fig. S4 show typical EIS curves obtained for c-SPEs and CB-SPEs at different 

time points. The most prominent feature observed is the large difference in Rct between the SPE 

types, with CB-SPEs going almost immediately to diffusion-limited resistance, and c-SPEs having 

quite large semicircles (Fig. 3d-e). Obtained Rct and α values for all SPEs (n=5) at the tested time 

points are shown in Fig. 3f. Variance on Rct values was large for c-SPEs. Two-way mixed effect 

ANOVA analyses of the Rct values (Table S6) was highly significant for SPE type (p<0.001), and 

slightly significant for interaction (p<0.05). Post-hoc analyses comparing Rct values of the SPEs 

types at given time points were not always significant. This is probably due to the high variance 

observed for c-SPE Rct values, however, the average Rct values obtained for CB-SPEs were at least 

10-20 fold lower than those obtained for the Rct of c-SPEs at any time point. The gradual decrease 

in Rct values over time for both electrodes may be due to polymeric linker degradation and better 

CB surface packing, leading to more effective electron transfer and less capacitive dispersion. The 

latter assumption is supported by the observed increase in α values over time for CB-SPEs (Fig. 

3f). Indeed, two-way mixed effect ANOVA analyses of the α values of the SPE types (Table S7) was 

highly significant for SPE type, time and interaction (p<0.0001). Post-hoc simple effect analyses 

within columns showed no significant difference in α values for c-SPEs at various times, but did 

show significant differences for CB-SPE α values at different times (Table S8) with differences 

between the groups 0, 7 and 20 days (with α values ranging between 0.67 and 0.72) and 60, 90 

and 180 days (with α values ranging between 0.81 and 0.88) being highly significant (p<0.0001).  

[Insert Fig. 3. Six-month stability study. ] 

 

CB-SPE sensitivity for Naphthol detection by DPV 

The sensitivity of CB-SPEs and c-SPEs for the detection of 1-naphthol was determined. The maximum 

current was obtained from moving baseline corrected DPV peaks and plotted against the 1-naphthol 

concentration (Fig. 4). The correlation coefficient of the linear range for both the CB-SPE and c-SPE 



was similar with R2 values of 0.995 for the c-SPE and 0.992 for the CB-SPE, both over a range of 0.039-

0.625 µM. An ANCOVA analyses on the slopes of the linear regressions showed the slopes differed 

significantly from each other (p<0.0001) with a 95% slope confidence interval of 28.6-32.1 µA mM-1 

naphthol for c-SPEs and 70.49 to 81.71 µA mM-1 naphthol for CB-SPEs. Thus, more variance is observed 

for CB-SPEs but given the approximately two-fold increase in sensitivity it is considered that CB-SPE is 

largely superior for monitoring 1-NP substrate conversion by alkaline phosphatase resulting in larger 

differences in µA over a same concentration range. Moreover, CB-SPE working and storage stability 

were shown to be superior. Thus, CB-SPEs were chosen for use in immunosensor development.  

[Insert Fig. 4. Sensitivity for Napthol.] 

 

Immunosensors for OA and DA detection 

Assay optimisations  
The immunoreagent amounts were optimised for the detection of DA and OA. To this end the 

concentrations of toxin-conjugates, DA-mAb, OA-mAb and ALP-pAb were individually varied (Fig. S5 

and sup. info.). These studies indicated that 15 µg mL-1 toxin-conjugate, 1.0 µg mL-1 of mAb and a 1:300 

dilution of the pAb-ALP stock concentration were optimum for both immunosensors and were used 

from hereon. Thus, 6 ng toxin per SPE was needed for the DA biosensor, and 12 ng toxin per SPE for 

the OA biosensor (see sup. info).  This  is 125X less toxin than was used for a similar biosensor for OA 

detection showing the cost benefit of this approach  [15].  

Immunosensors 
Calibration curves were constructed for the determination of OA and DA in buffer and shellfish matrix 

(Fig. 5a-b). DPV curves at varying toxin concentrations showed minimal peak potential difference for 

both toxins illustrating the stability of the system (Fig. S6). The analytical parameters of the curves 

shown in Fig. 5 are given in Table 1. The correlation coefficients were excellent for all fitted curves 

(R2>0.98) and RSD values remained below 10% for both biosensors in buffer and in matrix (Table 1). 

The LOD for DA detection was 1.7 ng mL-1 in buffer. For OA the LOD in buffer was even lower (0.15 ng 



mL-1) showing excellent sensitivity of the CB-SPEs for both immunosensors. Moreover, very little 

matrix effect was observed in mussel matrix with a LOD of 0.18 ng mL-1 and similar linear range 

although slightly increased IC50 values for the OA biosensor. Similarly, for the DA biosensor little 

change in sensitivity (LOD 1.9 ng mL-1) and IC50 (12 ng ml-1) was observed in matrix. However, the linear 

range was reduced (Table 1). For OA determination in matrix the LOD is 48 µg OA eq. kg shellfish-1 and 

the linear range 93-1037 µg OA eq. Kg shellfish-1 taking the applied dilution factor (266X) into account. 

The maximum regulatory limit (MRL) of OA in shellfish is set at 160 µg OA eq. Kg shellfish-1 in the EU 

[33], thus, the LOD of this biosensor is 25% of the MRL. Importantly, the MRL falls within the linear 

range of the biosensor. Regarding DA determination in matrix the biosensor showed excellent 

sensitivity with the LOD (1.9 µg DA eq.kg shellfish-1 ) and IC50 (12 µg DA eq.kg shellfish-1) which is 

~0.01% and ~0.06% of the MRL in the EU (20 mg DA eq. Kg shellfish-1) [5].  

Selectivity and biosensor stability study 

 Selectivity 
The selectivity of the OA biosensor was determined using non-target and naturally co-occurring 

marine toxins STX, TTX and DA. Similarly, the selectivity of the DA biosensor was determined using 

STX, TTX and OA. The non-target toxins were spiked into buffer individually as well as mixed together 

at 4 and 16 fold their MRL for testing the OA and DA biosensors respectively. Additionally, interference 

of a mixture of other compounds that naturally occur in shellfish (L-glutamic acid, L-glutamine, aspartic 

acid and L-ascorbic acid) was also tested (Fig. 5c-d). One-way ANOVAs comparing the signals obtained 

for the blanks (buffer with no toxin added) with the signals obtained when the toxins or other 

compounds were mixed into the buffer, were not significant (p=0.09 for the OA biosensor;  p=0.17 for 

the DA biosensor). However, one-way ANOVAs comparing the obtained signals of the blanks and 

toxin/interfering compound mixtures with the signal obtained when the target toxins of the respective 

biosensors were added at relevant concentrations (in and just below the linear ranges of the 

calibration curves), were highly significant (p<0.0001). All post-hoc comparisons showed a significant 

difference (p<0.0001) between the signal obtained for the target toxins with the signal obtained for 



the blanks and the non-target toxins or other compounds (Tables S9-10). Moreover, the signals 

obtained for the different DA concentrations used in the DA biosensor, and the different OA 

concentrations used in the OA biosensor assay, were significantly different (p<0.0001). Thus, both 

biosensors showed good selectivity for their respective targets. Finally, cross-reactivity for DTX1-3 was 

determined for the OA biosensor. The calibration curves for all three toxins showed good fits and 

allowed DTX1-3 detection with LODs<10 ng mL-1 (Fig. S7). However, the sensitivity of the biosensor 

was significantly better for OA, which is why cross-reactivity was low (0.9% for DTX-1, 2.1% for DTX-2 

and 9.4% for DTX-3).  

Biosensor stability  
 Stability of the biosensors that were functionalised with OA or DA protein conjugates and stored at 4 

°C was tested for both biosensors and found acceptable for at least 25 days for the DA biosensor and 

at least 60 days for the OA sensor (Fig. S8). One-way ANOVAs on the obtained signal at different days 

(day 1 to day 60) with the OA biosensor for 0 and 10 ng mL-1 OA addition were non-significant (p=0.214 

and p=0.301 respectively). One-way ANOVAs on the obtained signal at different days (day 1 to day 25) 

with the DA biosensor for 0 and 50 ng mL-1 DA addition were also non-significant (p=0.092 and p=0.384 

respectively). However, a significant reduction in maximum signal (0 ng mL-1 DA addition) at day 60 

was observed for the DA biosensor (one-way ANOVA; p=0.002) while the signal variation at 50 ng mL-

1 DA addition was not significant over that period (one-way ANOVA p=0.271).  

    

[Insert Fig. 5. Immunosensors and selectivity.] 

[Insert Table 1: Analytical parameters.] 

Conclusion 

CB-SPEs were developed using a high-throughput method involving one automated drop-cast of a 

stable CB dispersion. Detailed CV and EIS analyses showed that the CB modified electrodes featured 



higher electro-catalytic activity and better redox reversibility than unmodified c-SPEs. Most 

noteworthy, CB-SPEs showed excellent storage stability for at least six months. EIS analyses indicated 

that variance in electron transfer resistance after different storage times was much lower for CB-SPEs 

than for c-SPEs. Moreover, internal variance in CV anodic peak currents was significantly reduced for 

CB-SPEs when compared to c-SPEs. Thus, CB-SPEs seem to be more resistant to long-term storage than 

bare c-SPEs. The developed immunosensors for the detection of OA and DA had the same optimised 

immuno-reagent concentrations and functioned very similarly. Moreover, both immunosensors 

showed sensitive detection of their targets while matrix effects appeared to be minimal using the 

same sensing principle and platform albeit with two separate biosensors.  This is very important as it 

indicates that piggybacking on the developed devices for the detection of other marine toxins by 

simply changing recognition element may be relatively straightforward with only minor adaptations, 

such as changing the dilution factor in sample preparation to match antibody sensitivity, required. 

However, the observed matrix effect (reduction of the maximum signal in matrix) for the DA biosensor 

was also observed previously with different electrochemical biosensor using the same antibody, but 

another detection platform (using immuno-magnetic beads, horseradish-peroxidase conjugated 

secondary antibody and chronoamperometry) and shellfish species (scallops)[18]. Therefore, it is likely 

that the observed signal reduction is caused by an undesired interaction between 

compounds/proteins typically found in shellfish matrix and the DA-mAb causing a slight reduction in 

binding efficiency leading to a reduction in the maximum signal. Thus, appropriate validation of any 

biosensor sporting a novel recognition element remains necessary.  Overall, the developed biosensors 

show potential as portable, quantitative tools to measure marine toxins accumulation in shellfish. 

Such a tool could be used as a screening tool in remote locations and developing countries following 

detailed validation guidelines such as Decision 2002/657/EC.  Such devices may substantially improve 

shellfish safety standards while lowering food waste (by assisting shellfish-farmers in harvest time and 

relocation decisions) in a sector that is expected to increase substantially over the next decade.  
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Fig. 1. A scheme showing the indirect competitive immunoassay format used for marine toxin 
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FIGURE CAPTIONS 
 

Fig. 1. A scheme showing the indirect competitive immunoassay format used for marine toxin 

detection. mAb-DA or mAb-OA selectively binds to the immobilised toxin-conjugate. After the 

selective binding between the mAb and pAb-ALP, the ALP catalyses the de-phosphorylation of the 

non-electroactive substrate (1-Naphthyl-phosphate) into an electroactive product (1-Naphtol) the 

oxidation of which by DPV will produce the electrochemical signal.  

Fig. 2. Cyclic voltammetry characterisations. a) CVs for CB-SPE and c-SPE in 0.1M KCl at a scan rate 

of 0.5 V.S-1. b) CVs for c-SPE and CB-SPE in [Fe(CN)6]3−/4−with 0.1M KCl starting from a scan rate of 

0.05 V.S-1. Consecutive scans were at 0.1, 0.2 and 0.4 V.S-1. c) Anson plots of CB-SPEs and c-SPEs 

(n=3) in [Fe(CN)6]3−/4− with 0.1M KCl. Error bars are too small to be visualised. Calculated active 

surface areas of the CB/c-SPEs (n=3) are shown in Fig. S2a. d) Anodic peak currents extracted from 

CB-SPEs and c-SPEs (n=3) CVs after one up to 50 cycles every five cycles. Linear regression slopes and 

R2 values are indicated. Fig S2b shows the internal variance between replicas relative to the mean 

peak current obtained for each individual CV cycle. Fig. S2c indicates the total variance between 

replicas over all the CV cycles relative to the mean current obtained from the initial CV scan. Green 

colour was assigned to c-SPEs and blue to the CB-SPEs in all figure panels.   

Fig. 3. Six-month stability study.  a) Exemplary cyclic voltammograms (CVs) of c-SPEs (full lines) and 

CB-SPEs (broken lines) in [Fe(CN)6]3−/4− with 0.1M KCl after different storage times (see panel legend). 

b) Extracted peak currents (n=5) from CVs of c-SPEs and CB-SPEs at various time points. c) Extracted 

ΔE values  (n=5) from CVs of c-SPEs and CB-SPEs at various time points. d) Nyquist plot of the EIS 

analysis of c-SPE and CB-SPEs recorded directly after fabrication in [Fe(CN)6]3−/4− with 0.1M KCl. An 

adapted Randles circuit (top inset figure) was fitted (black lines) to the data to extract CPE, α and Rct 

values. A zoomed in image of this CB-SPE measurements and plot fit is shown in Fig. S3. e) Exemplary 

Nyquist plot of the EIS analysis of c-SPEs and CB-SPEs in [Fe(CN)6]3−/4− with 0.1M KCl after different 

storage times (see panel legend). A zoomed image of the Nyquist plot for CB-SPEs is shown in Fig. S4. 

f) Rct and CPE values extracted from EIS measurements (n=5) of c-SPEs and CB-SPEs after different 

storage times. Rct values are plotted against the left Y-axes, α values are plotted against the right Y-

axes.  

Fig. 4. Sensitivity for Napthol. DPV measurements (n=3) were performed on both SPEs by adding 50 

µL of DEA containing 10 µM to 5 mM 1-naphthol. Peak currents were obtained from baseline 

corrected DPV peaks. 

Fig. 5. Immunosensors and selectivity. a-b) Calibration curves for OA (a) and DA (b) determination in 

buffer (black points) and in mussel extract (purple squares) at various toxin concentrations (n=3). 

The analytical parameters of the calibration curves are given in Table 1. c-d) Peak DPV currents for 

the OA biosensor (c) and DA biosensor (d) interference studies. No tox is the blank sample (reagent 

buffer). STX is spiked in the reagent buffer at 12ng mL-1 and TTX at 0.75 ng mL-1 for both curves. DA is 

spiked at 300 ng mL-1 in (c) and 20 and 200 ng mL-1 in (d). OA is spiked at 1 and 10 ng mL-1 in (c) and 

2.5 ng mL-1 in (d). STX/DA/TTX and STX/OA/TTX are mixture of the 3 toxins at the same 

concentrations as used for the individual toxins for the OA and DA biosensors respectively. Mix 

Interf. is a mixture of L-glutamic acid, L-glutamine, aspartic acid and L-ascorbic acid at 10 µg mL-1 per 

compound.    



TABLE 
 

Table 1: Analytical parameters. The LOD, IC50 and linear-range were obtained by interpolating 90%, 

50% and 20-80% signal values respectively from a four-parameter dose-response curve fitted to 

normalised data. Assay type, R2 value, RSD, target, SPE modification as well as matrix used are 

indicated. 

Assay Matrix LOD (ng mL-1) IC50 

(ng.mL-1) 

Lin. Range 

(ng.mL-1) 

R2 RSD (%) 

DA CB-SPE Buffer 1.7 16 4-72 0.99 8.7 ± 9.0 % 

DA CB-SPE Mussel 1.9 12 4-34 0.99 5.6 ± 4.1 % 

OA CB-SPE Buffer 0.15 0.9 0.27 to 3.3 0.99 6.1 ± 4.1 % 

OA CB-SPE Mussel 0.18 1.13 0.35-3.9 0.98 7.2 ± 5.2 % 

 

 

 


