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Increasing occurrences of harmful algal blooms (HABs) in the ocean are a major concern for
countries around the globe, and with strong links between HABs and climate change and
eutrophication, the occurrences are only set to increase. Of particular concern with regard to
HABs is the presence of toxin-producing algae. Six major marine biotoxin groups are asso-
ciated with HABs. Ingestion of such toxins via contaminated shellfish, fish, or other potential
vectors, can lead to intoxication syndromes with moderate to severe symptoms, including
death in extreme cases. There are also major economic implications associated with the
diverse effects of marine biotoxins and HABs. Thus, effective monitoring programmes are
required to manage and mitigate their detrimental global effect. However, currently legislated
detection methods are labour-intensive, expensive and relatively slow. The growing field of
biosensor diagnostic devices is an exciting area that has the potential to produce robust,
easy-to-use, cost-effective, rapid and accurate detection methods for marine biotoxins and
HABs. This review discusses recently developed biosensor assays that target marine biotox-
ins and their microbial producers, both in harvested fish/shellfish samples and in the open
ocean. The effective deployment of such biosensor platforms could address the pressing
need for improved monitoring of HABs and marine biotoxins, and could help to reduce their
global economic impact.

Introduction – harmful algal blooms: a
global issue
Harmful algal blooms (HABs) are global phenomena throughout the world’s oceans that have led to
increasing concerns in terms of human health, environmental preservation and economic challenges.
These concerns stem from the increasing frequency and geographic distribution of a number of toxin-
producing algal species that cause HABs in locations widespread around the globe. The associated
marine biotoxins produced by certain HAB species become a major concern to consumers and fish-
ery industries when filter-feeding shellfish, such as mussels, oysters, clams and cockles, ingest toxic al-
gae and accumulate their biotoxins to dangerously high levels. In the case of ciguatera fish poisoning
(CFP), the causative ciguatoxins of algal (dinoflagellate) origin are transferred and accumulated through
multiple trophic levels ranging from small herbivores to larger predatory fish species that are gener-
ally the most toxic due to biomagnification of ciguatoxins. Bacterially produced pufferfish poisoning
(PFP) toxin has been detected in a number of pufferfish species as well as various marine inverte-
brates (e.g. gastropods, crabs and octopus) and is considered to reflect the acquisition of both toxi-
genic bacteria and exogenous PFP toxin via trophic interactions [1,2]. Consumption of contaminated
fish/shellfish can lead to acute food poisoning syndromes. These food poisoning syndromes vary depend-
ing on the toxin group and the exposure level. The six major marine biotoxin syndromes are summarized
in Table 1.
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Table 1. Summary of the six major marine biotoxin syndromes

Syndrome Toxin group
Algae/bacteria
producer Cellular target Symptoms

Amnesic shellfish
poisoning (ASP)

Domoic acid (DA) Pseudo-nitzschia spp.,
Nitzschia
navis-varingica,
Chondria armata

Glutamate receptors Short-term memory loss,
confusion, disorientation,
vomiting, diarrhoea, death

Diarrhetic shellfish
poisoning (DSP)

Okadaic acid (OA) Dinophysis spp.,
Prorocentrum spp.

Protein phosphatases Nausea, vomiting, diarrhoea,
stomach cramps

Azaspiracid shellfish
poisoning (AZP)

Azaspiracid (AZA) Azadinium spp.,
Amphidoma
languida

Nausea, vomiting, diarrhoea,
stomach cramps

Paralytic shellfish
poisoning (PSP)

Saxitoxin (STX) Alexandrium spp.,
Gymnodinium
catenatum,
Pyrodinium
bahamense

Sodium channels Gastrointestinal symptoms,
numbness/tingling in mouth
and extremities, dizziness,
headache, fever, ataxia,
respiratory distress, death

Neurotoxic shellfish
poisoning (NSP)

Brevetoxin (BTX) Karenia spp. Sodium channels Gastrointestinal symptoms,
numbness, tingling
sensation, hypotension,
paralysis, seizures, coma

Ciguatera fish
poisoning (CFP)

Ciguatoxin (CTX) Gambierdiscus spp. Sodium channels Gastrointestinal symptoms,
numbness/tingling in mouth
and extremities, temporary
blindness, bradycardia,
ataxia, paralysis

Table 2. European Commission (EC) regulatory limits for marine biotoxins compared with the
EFSA recommended guidelines

Toxin and equivalents
EC regulatory limit (μg of toxin
eq./kg of shellfish/fish)

EFSA recommended limit (μg
of toxin eq./kg of shellfish/fish)

Domoic acid (DA) 20 000 4500

Okadaic acid (OA) 160 45

Azaspiracid (AZA) 160 30

Saxitoxin (STX) 800 75

Brevetoxin (BTX) 800* NA

Ciguatoxin (CTX) No EU limit in place. Products
containing CTX must not be
placed on the market

0.01

*No EU limit in place for BTX. Value equals US Food and Drug Administration (FDA) action limit

Taking into consideration the health hazards posed by marine biotoxins, the European Commission has developed
regulatory limits for each toxin. However, fearing that current regulations do not sufficiently protect human health,
the European Food Safety Authority (EFSA) has made recommendations to change the current European Union (EU)
regulations to impose stricter limits on marine biotoxins (Table 2). These limits were developed based on the criteria
that, if consuming a large portion (400 g) of shellfish, one would not exceed the acute reference dose (ARfD) for the
associated toxin. For example, consumption of a 400 g portion of shellfish contaminated with the EU limit of 160 μg
of okadaic acid (OA) equivalent/kg of shellfish would lead to a dietary exposure approximately three times higher
than the ARfD [3].

The economic implications of HABs and marine biotoxins are associated with the closure of coastal fisheries, losses
of valuable shellfish goods, job losses and a reduction in tourism and recreational activities. Few studies are available
that can accurately estimate the associated economic losses. One study from Washington State, USA, estimated the
annual losses from two counties due to coastal fishery closures were in the tens of millions of US dollars [4]. Another
study estimated the global economic impact of marine biotoxins was approximately US$ 4 billion per year [5]. HABs
have been linked with climate change [6,7] and eutrophication [8]; therefore, as HABs and, by extension, marine
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biotoxins are likely to occur more frequently and over a larger area due to these factors, it is imperative that sufficient
monitoring programmes are in place to reduce the risk to consumer health and global economies.

In this review, the monitoring of HABs and their associated marine biotoxins will be discussed in the context of two
applications: first, the methods currently used to monitor HABs will be considered (e.g. light microscopy (LM)) and
compared with emerging autonomous platforms that can monitor these algae in situ and that can, in certain cases,
also detect and quantify levels of algal toxins in seawater; secondly, methods for the detection of marine biotoxins in
shellfish samples will be outlined, comparing the current regulatory-approved methods with emerging biosensors.

Case study – inside the most recent marine
biotoxin discovery: azaspiracid
In 1995, a human food poisoning event occurred in The Netherlands following the consumption of blue mussels
(Mytilus edulis) originating from Ireland. A number of people became ill, displaying symptoms characteristic of
diarrhetic shellfish poisoning (DSP). However, subsequent analyses did not find any DSP toxins present. It was not
for another two years that, in 1997, using nuclear magnetic resonance (NMR) and mass spectrometry (MS) analysis,
the causative toxin, a novel biotoxin designated azaspiracid (AZA) was discovered. To date, over 20 AZA analogues
have been identified in plankton and shellfish (reviewed in [9]). Until 2007, the plankton species Protoperidinium
crassipes was deemed to be the primary producer of AZA. However, in pure culture, P. crassipes could not produce
the toxin. It was subsequently discovered that P. crassipes was engaged in a predator–prey relationship with the true
AZA producer, Azadinium spinosum. Tillmann et al. [10] identified the small thecate photosynthetic dinoflagellate
as a new species. To date, AZA has been detected largely in Europe, but also on the western coast of North America,
both coasts of South America and in East Asia.

Monitoring of HABs: from humans to robots
Monitoring of HAB species is currently heavily reliant on the use of traditional methods, such as LM. This technique
is highly time-consuming and labour-intensive, and requires trained personnel. Accurate identification of certain
species using LM is also very difficult, often requiring the use of electron microscopy for confirmation, and there is a
demand for frequent sample acquisition. Other advanced methods of HAB monitoring make use of satellite imaging
to remotely sense ocean colour that serves as a proxy for ‘in-water’ molecules, such as chlorophyll, which can be
used to estimate levels of and changes in algal biomass. However, this method is limited by factors such as poor
sensitivity at low cell concentrations, detection being restricted to the water surface, and interference from clouds
and coloured dissolved organic matter (CDOM) in the water. Additionally, HAB detection methods such as LM and
satellite imaging cannot determine toxin levels associated with a given bloom population and thus the likelihood of
adverse effects, such as the contamination of fishery resources.

Molecular methods, namely quantitative polymerase chain reaction (qPCR), hold great potential to address the
specificity and sensitivity limitations associated with the above techniques. Such methods involve the amplification
of specific genomic deoxyribonucleic acid (DNA) sequences in the target species using gene-specific primers. These
primers incorporate fluorescent probes that can be quantified and correlated with the relative abundance of the target
gene. One such assay involves the amplification of genes associated with saxitoxin (STX) production in Alexandrium
species and could allow the side-by-side identification and enumeration of potentially toxic algal species [11]. Note,
however, that simply the presence of toxin genes does not necessarily translate into the production of toxin, only the
potential to synthesize these metabolites under the appropriate environmental conditions. Such assays are amenable
for point-of-need (PON) use, but currently require trained personnel to carry out the procedure. However, one can
envisage such systems being automated in the near future, thereby allowing the fully autonomous monitoring of
toxigenic algal species in situ (for further reading, see [12]).

Autonomous and in situ monitoring of algae and their associated marine biotoxins is a concept that is emerging
rapidly [13]. Such systems, which are now becoming commercially available, allow for real-time or near-real-time
monitoring of algae and their toxins at the site of an ongoing bloom or early in the process of bloom initiation and
the relaying of this information to the relevant authorities. They can be deployed on stationary moorings or po-
tentially on autonomous underwater vehicles (AUVs). One example is the Imaging Flow Cytobot (IFCB; McLane
Research Laboratories, Inc., East Falmouth, MA, USA), which combines high-resolution video imagery with flow
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cytometry to allow the autonomous in situ classification of marine algae to species level [14]. Another example is
the Environmental Sample Processor (ESP) developed by the Monterey Bay Aquarium Research Institute (MBARI)
and collaborators at the National Oceanic and Atmospheric Administration (NOAA), which has been deployed in
Monterey Bay, CA, USA, for the detection of both Pseudo-nitzschia species and the neurotoxin domoic acid (DA)
produced by some of these organisms. The robotic ESP system, also available from McLane Research Laboratories,
Inc., allows the autonomous sub-surface detection of the toxin and algae using enzyme-linked immunosorbent assay
(ELISA) and DNA probe arrays, respectively [15,16]. Other ESPs have been deployed in the Gulf of Maine to monitor
levels of Alexandrium species and paralytic shellfish poisoning (PSP) toxin levels. This project will determine the
feasibility and the economic advantage of deploying remote, autonomous sensors for harmful algal species (see the
NOAA website at http://oceanservice.noaa.gov/news/weeklynews/jun13/esp-robot.html and the NCCOS website at
http://www.coastalscience.noaa.gov/projects/detail?key=137). Another technology platform that could revolution-
ize HAB monitoring is that of AUVs. These unmanned systems currently have the ability to autonomously provide
spatial and temporal information on algal pigment distributions that can be useful for HAB monitoring, but provide
no data on the species or toxin present. In order to address this shortcoming, scientists are currently developing a
redesigned ESP that will fit within the payload of an AUV (C. Scholin, personal communication) and thus enable
measurements of algal and toxin concentrations on this mobile platform, which is something as yet unavailable to
marine scientists and coastal managers. This could allow an advanced understanding of HAB occurrences, their fre-
quency and their causes, and may potentially allow the enhanced prediction and protection of public health as well
as economic interests in the future.

Detection of marine biotoxins in shellfish
To date, the detection of marine biotoxins, as opposed to the HAB toxin-producers, has focused mainly on detection in
shellfish tissue more so than in seawater. This is largely due to the regulation of toxin levels in seafood and the absence
of regulation of toxins in seawater. The most widely employed method for the screening of shellfish tissue was the
mouse bioassay (MBA). This method involves the intraperitoneal (IP) injection of suspect shellfish tissue extract into
a mouse and the monitoring of symptoms over time until death. Aside from the obvious ethical issues, this method
is also limited in terms of its poor sensitivity. It also does not provide information as to the exact toxins present in the
sample. For these reasons, as of 1 January 2015, MBA has been prohibited in the EU for use in detecting the presence of
marine biotoxins in shellfish material [17]. The approved reference methods for the detection of marine biotoxins in
shellfish samples are now established as high-performance liquid chromatography (HPLC) (for DA, OA and STX) and
liquid chromatography http://www.coastalscience.noaa.gov/projects/detail?key 137 tandem mass spectrometry (MS)
(LC http://www.coastalscience.noaa.gov/projects/detail?key 137 MS/MS) (for brevetoxin (BTX) and AZA). However,
although the HPLC methods have greater sensitivity than MBA at toxin concentrations reflecting the current reg-
ulatory levels, these sensitivities would need to be improved for certain methods should the regulatory limits be
lowered. This issue may be addressed through use of LC http://www.coastalscience.noaa.gov/projects/detail?key 137
MS/MS, as it possesses excellent sensitivity and is also amenable for high-throughput analysis. Nonetheless, LC
http://www.coastalscience.noaa.gov/projects/detail?key 137 MS/MS has not yet been validated in inter-laboratory
studies for all toxin classes [18] and both of these methods are labour-intensive and require highly trained personnel
and expensive equipment.

Thus, there is an open niche for an ‘easy-to-use’, rapid, inexpensive and accurate PON monitoring device for marine
biotoxins in shellfish tissue. An accepted and proven approach that fits these criteria is the use of biosensors, which
have been discussed extensively in this volume and other review articles (see [19]). Assays conducted on such devices
incorporate a biorecognition element coupled to a chemical/physical measurement system that allow the detection of
a target analyte(s). They also have excellent potential to serve as an in situ screening tool for marine biotoxins in shell-
fish samples and also in seawater. Many of these assays utilize the naturally high binding affinity of marine biotoxins
to their cellular target, e.g. voltage-gated sodium channel receptors for PSP, BTX, ciguatoxin (CTX) and tetrodotoxin
(TTX), glutamate receptor for DA or protein phosphatase for OA (see Table 1 and Figure 1). Receptor-based assays
(RBAs), although currently restricted to the laboratory bench, have excellent sensitivity and working range for their
respective toxins, provide an estimate of integrated toxic potency for a sample and have a very rapid turnaround time
(TAT). However, RBAs may have limited applicability for PON testing as their biorecognition elements have a limited
stability at temperatures greater than 4 ◦C [20–25].

Many biosensor assays for small haptenic molecules such as marine biotoxins use antibodies as their biorecogni-
tion elements, and are based on a competitive immunoassay format, utilizing the highly specific interaction between
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Figure 1. Illustration of protein phosphatase 2A (PP2A) inhibition assay concept

PP2A catalyses the conversion of p-nitrophenyl phosphate (p-NPP) into p-nitrophenol (p-NP). The coloured product can be measured

spectrophotometrically. DSP group toxins, such as OA, block the binding site of the PP2A enzyme, preventing the catalysis of p-NPP.

an antibody and its target antigen (Figure 2). Plate-based ELISA is amenable for high-throughput analysis and has
excellent performance characteristics. However, this assay is not truly rapid (i.e. TAT of less than 1 h) and requires
numerous reagent additions and wash steps, incubations, trained personnel and dedicated equipment for the mea-
surement of results [26–29]. Other systems for toxin detection use the same competitive format principle, but have
improved read-out or incorporate high-density spotting in a microarray format [30,31]. Surface plasmon resonance
(SPR) biosensors allow automated and multiplexed analysis as well as the regeneration and reusability of assay sur-
faces [27,32]. Luminex microsphere, liquid-based array assays, as used by Fraga et al. [33,34], use flow cytometry
principles coupled with the competitive format to allow the high-sensitivity multiplexed detection of toxins. How-
ever, both of these systems generally require dedicated expensive equipment and trained personnel, limiting their use
at the PON. In the case of SPR, the potential for PON applications is starting to be addressed through the development
of field-portable instrumentation. The field-portable SPIRIT device (Seattle Sensor Systems, Inc.) has been demon-
strated for the detection of the amnesic shellfish poisoning (ASP) toxin DA [35], although extensive validation of
this technology is lacking. The MBio waveguide-based system, in development at MBio Diagnostics, Inc., is a highly
flexible detection device, [36–39], has a 15 min test time, is highly sensitive and allows multiplexed detection of ASP,
DSP and PSP or additional toxins. Moreover, the MBio single-use waveguide cartridges along with a dedicated reader
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Figure 2. Illustration of a competitive ELISA format

Enzyme-labelled anti-toxin antibodies are added to a microwell plate coated with toxins conjugated to a carrier protein. (A) In the absence

of free toxin in solution, the antibodies are uninhibited and bind to the coated surface at a high concentration. Addition of a substrate

(e.g. 3,3′,5,5′-tetramethylbenzidine (TMB) in the case of horseradish peroxidase (HRP)-labelled antibodies) produces a coloured product

of high intensity. (B) In the presence of free toxin in solution, the free toxin competes with the immobilized toxin-conjugate for binding to

the antibodies. The uninhibited antibodies bind to the coated surface but in smaller amounts. Addition of a substrate produces a coloured

product of lower intensity.

represent a very economical approach to testing for multiple toxins in a single sample and require minimal training of
end-users. Direct label-free immunoassays are also beginning to emerge such as that developed by Hayat et al. [40].
This sensor, which utilizes anti-OA monoclonal antibodies bound to an impedimetric electrochemical surface, was
capable of high-sensitivity detection with a short TAT. Also, being relatively simple to perform and inexpensive to
produce means that such an assay shows promise for PON testing.

Many, if not all, of the above assays are likely to be laboratory-based alternatives to high-performance analytical
methods such as HPLC and LC–MS/MS. None of these assays, perhaps with the exceptions of the MBio system and
direct electrochemical assay, are currently amenable to PON testing. A final assay format, lateral flow immunoassay
(LFIA), may present a suitable alternative for this. These tests are cheap to manufacture, easy to use, rapid, have good
performance characteristics and, with the incorporation of simple reader systems, are easy to interpret. These benefits,
coupled with excellent shelf life and temperature stability, infer that LFIAs have great potential to be used as dockside
screening assays of recently landed shellfish for the presence of marine biotoxins. However, due to the qualitative or
semi-quantitative output of these assays, further confirmatory laboratory-based analysis would probably be required
for regulatory clearance of a commercial product [41–44].

A potential problem with antibody-based toxin sensors is the issue of cross-reactivity (CR) between toxin analogues
of the same group. For example, the PSP toxin group has more than 20 analogues that may differ by only a single
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side group, each with differing toxicities. Therefore, an assay incorporating an antibody that targets STX and shows
strong CR for only a small number of STX analogues would probably underestimate the overall PSP toxicity of a
sample, depending on the sample’s toxin composition. A potential solution to this would be to incorporate a cocktail
of different antibodies, each with a different CR profile for the PSP toxins. However, it would be highly challenging
to characterize the CR of such a large number of antibodies for numerous targets. Chemical conversion of low into
high CR analogues is also a potential means of addressing this issue.

A growing field of bioanalytical molecules is that of aptamers. These short oligo-DNA or -RNA molecules can
bind to a wide range of targets with high affinity and specificity, including environmental pollutants (the reader is
directed to [45] for a review). Without the need for an animal host, they are relatively easy to generate to a range
of targets. Their small size may also allow them to distinguish subtle differences between toxin analogues. To date,
aptamers have been developed against STX, OA and BTX-2 [46–48]. Aptamers represent an expanding area in the
field of diagnostics and may have potential for marine biotoxin detection due their relatively high stability.

In many cases, there will be a need to pre-concentrate and extract the specific targeted toxin or its producer from
marine or freshwater. In this case, the use of the aforementioned biorecognition ligands in the form of a solid-phase
extraction system may also be important prior to determination of actual toxin levels by biosensors.

Conclusion
HABs and their associated marine biotoxins present a serious concern for global economies, consumer health and
the environment. These toxins are associated with acute short-term symptoms as well as long-term risks such as can-
cer. Currently, international regulatory-approved detection methods for toxins require expensive equipment, trained
personnel, long TAT, and laborious sample acquisition and processing. Thus, there is a need for inexpensive, easy-
to-use, rapid and sensitive tests that can take toxin monitoring out of the laboratory and into the field (or water).
Biosensors have the potential to address this need, in particular those with antibody- and aptamer-based recogni-
tion elements, as their excellent sensitivity, specificity and stability lend themselves extremely well to PON testing.
However, few automated systems are currently available to allow completely hands-off remote monitoring, which is
highly relevant to in-sea monitoring of HABs and toxins. Sample processing to concentrate algal target cells and their
toxins is a significant challenge, yet a critical component for such automated systems in order to achieve appropriate
limits of detection. The area of microfluidics has proven very promising for allowing automated lab-on-a-disc devices
to carry out immunoassays remotely and could have potential to address this need. Additionally, further work must
go into developing higher specificity antibodies for various toxin analogues, as currently there is the possibility of
underestimation of sample toxicity.

This review discussed two applications of toxin/algae monitoring: first, front-line sensors for in-sea detection may
help to mitigate the harvesting of contaminated shellfish in areas prone to blooms; secondly, sensors for the shipboard
and dockside detection of toxins serve as a second line of defence and may help to avoid the processing of already
harvested contaminated shellfish and prevent their consumption by consumers. These sensors will hopefully help
to mitigate some of the adverse effects of the growing problem of HABs and marine biotoxins in the coming years,
allowing the harvesting of safe food and reduction of global economic losses.

Summary
• HABs and marine biotoxins are a major global health, economic and environmental issue.
• The six major marine intoxication syndromes each have their own unique mode of action and associated

symptoms, which range from moderate to severe.
• Current monitoring programmes for HABs and marine biotoxins are expensive, labour-intensive and have

a relatively long turnaround time.
• Biosensors present a favourable alternative to the laboratory-based analytical methods currently used in

monitoring as they boast excellent performance characteristics, ease-of-use, cost-effectiveness and short
turnaround time. A number of recently developed biosensors for marine biotoxins were discussed. In par-
ticular, immunoassay-based methods have great promise as their robustness and stability mean that they
are flexible for analysis in complex matrices such as seawater and shellfish extract.
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•• Currently, the main drawback of immunoassays for toxins is their underestimation of sample toxicity due
to the poor cross-reactivity of antibodies to certain toxin analogues. This could be addressed in the future
via the development of higher-specificity antibodies or aptamers for the various toxin analogues.
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