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ABSTRACT

The increasing frequency and geographic expansion of harmful cyanobacterial blooms have intensified global concerns regarding cyanotoxin contamination in freshwater systems and the associated risks to public health and ecosystem stability. Effective surveillance requires sensitive, selective, and reliable detection methods capable of addressing structurally diverse toxins, including microcystins, cylindrospermopsin, anatoxins, saxitoxins, and β-N-methylamino-L-alanine. This review describes the classification, global distribution, and toxicological significance of major cyanotoxins and critically evaluates current and emerging detection strategies. Conventional chromatographic techniques, particularly liquid chromatography–tandem mass spectrometry (LC–MS/MS), remain the reference standard due to their high sensitivity, structural specificity, and multi-toxin quantification capability, while high-resolution mass spectrometry enables non-target screening and identification of novel toxin variants. Immunological assays and protein phosphatase inhibition assays are examined as rapid and cost-effective screening tools, although their analytical limitations are discussed. The review highlights advances in biosensor technologies, including electrochemical immunosensors, aptamer-based sensors, molecularly imprinted polymer sensors, surface plasmon resonance systems, surface-enhanced Raman spectroscopy, microfluidic lab-on-a-chip platforms, multiplexed sensor arrays, and lateral flow immunoassays, emphasizing their sensitivity, portability, and potential for real-time monitoring. Comparative evaluation of detection limits and operational characteristics demonstrates that no single technique satisfies all requirements of ultra-trace sensitivity, structural confirmation, cost-effectiveness, portability, and multiplex capability. Therefore, an integrated tiered monitoring framework combining rapid screening tools with confirmatory mass spectrometric analysis is recommended. Continued methodological innovation and harmonization will be essential to strengthen cyanotoxin surveillance under evolving environmental and climatic pressures.
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1. INTRODUCTION
Cyanobacterial overgrowth, commonly referred to as harmful cyanobacterial blooms (HCBs), develops under favorable environmental conditions, including elevated nutrient concentrations, increased water temperature, and variations in salinity(Paerl et al., 2011). In recent years, these blooms have become a global environmental and public health concern, primarily due to their impact on drinking water resources. Water bodies may become contaminated either by cyanobacterial cells themselves or by their secondary metabolites, collectively known as cyanotoxins(Rastogi et al., 2015). It is estimated that approximately 50% of algal blooms produce toxins that pose significant risks to aquatic ecosystems, terrestrial organisms, livestock, and human health(Igwaran et al., 2024). To date, more than one hundred cyanotoxins with diverse chemical structures and toxicological properties have been identified. Based on their primary target organs, cyanotoxins are generally classified into three major groups: hepatotoxins, neurotoxins, and dermatotoxins(Abdallah et al., 2021). Based on their primary target organs, cyanotoxins are generally classified into three major groups: hepatotoxins, neurotoxins, and dermatotoxins(Carmichael, 1992). Cyanobacterial toxins are found in both freshwater and marine environments and have been reported in many countries across the world, including extreme regions such as the Arctic and arid desert areas(Du et al., 2019). This shows that cyanotoxins are globally widespread. However, their distribution pattern, concentration, and level of toxicity vary from one region to another, depending on local environmental and ecological conditions(Svirčev et al., 2019). Cyanobacteria produce various secondary toxic compounds called cyanotoxins, which are released into the surrounding water mainly after cell death and lysis. The presence of these toxins deteriorates water quality in aquaculture systems and agricultural settings, creating significant health risks for both humans and animals(Atoui et al., 2013; Carmichael, 1992).
2. CLASSIFICATION AND TOXICOLOGICAL DIVERSITY OF CYANOTOXINS
Cyanobacteria synthesize a diverse array of biologically active secondary metabolites collectively known as cyanotoxins, which pose significant risks to aquatic ecosystems and public health. Based on their primary target organs and mechanisms of toxicity, cyanotoxins are broadly categorized into five major groups(Benayache et al., 2019). Hepatotoxins, including cylindrospermopsin (CYN), microcystins (MCs), and nodularins) (NOD) (Table 1), primarily target the liver and are among the most frequently detected toxins in freshwater environments(Abreu et al., 2018; AlKahtane et al., 2020; Bouaïcha et al., 2019). These compounds are associated with both acute hepatic injury and long-term toxic effects. Neurotoxins such as anatoxin-a (ATX), saxitoxins (STX), and β-N-methylamino-L-alanine (BMAA) affect the nervous system, leading to neuromuscular dysfunction, respiratory distress, and in severe cases, paralysis(Al-Sammak et al., 2013; Bumke-Vogt et al., 1996; Lajeunesse et al., 2012). Dermatotoxins induce skin irritation and inflammatory responses upon direct exposure, particularly during recreational or occupational contact with contaminated water. Cytotoxins exert generalized cellular toxicity by interfering with essential metabolic processes, including protein synthesis. Additionally, irritant toxins such as lipopolysaccharides (LPS) contribute to inflammatory and allergic reactions, potentially aggravating existing health conditions. It is important to note that toxin production is not restricted to a single cyanobacterial genus; multiple genera are capable of producing the same class of toxins. This overlap in toxin synthesis complicates environmental monitoring, source attribution, and risk assessment in affected aquatic systems(Agathokleous & Peñuelas, 2022; Humbert et al., 2010).











 Table:1 Major Cyanotoxins, Target Organs, Producing Genera, and Toxicological Characteristics
	Toxin Class
	Major Toxins
	Primary Target Organ/System
	Common Producing Genera
	Mechanism of Action
	Major Health Effects
	References

	              Hepatotoxins 
	Microcystins (MCs)
	Liver
	Microcystis, Anabaena (Dolichospermum), Planktothrix, Nostoc
	Inhibition of protein phosphatases (PP1, PP2A)
	Hepatic hemorrhage, liver failure, tumor promotion
	(Bostan et al., 2018)

	
	Nodularins (NOD)
	Liver
	Nodularia
	Protein phosphatase inhibition
	Severe hepatotoxicity
	(Galat et al., n.d.)

	
	Cylindrospermopsin (CYN)
	
Liver
(also kidney)
	Cylindrospermopsis, Aphanizomenon, Raphidiopsis
	Inhibition of protein synthesis, oxidative stress
	Hepatotoxicity, nephrotoxicity
	(Bláhová et al., 2009)

	Neurotoxins
	Anatoxin-a (ATX)
	Nervous system
	Anabaena (Dolichospermum), Oscillatoria, Aphanizomenon
	Nicotinic acetylcholine receptor agonist
	Muscle paralysis, respiratory failure
	(Rantala-Ylinen et al., 2011)

	
	



	



Saxitoxin (STX)
		


Nervous system
	Aphanizomenon, Dolichospermum, Lyngbya
	Blockage of voltage-gated sodium channels
	Paralytic shellfish poisoning-like symptoms
	(Hoff-Risseti et al., 2013)

	
	β-N-methylamino-L-alanine (BMAA)

		


Nervous system
	Nostoc, Anabaena, Microcystis

	Excitotoxicity, protein misincorporation

	Neurodegenerative disorders

	(Stewart et al., 2012)

	Dermatotoxins
	Lyngbyatoxin-a
	Skin
	Lyngbya
	Protein kinase  C activation
	Dermatitis, skin inflammation
	(Chorus, n.d.)

	
	Aplysiatoxins
	Skin
	Lyngbya
	Tumor-promoting activity
	Severe skin irritation
	(Banker et al., 2000)

	Cytotoxins
	Cylindrospermopsin (also cytotoxic)
	Multiple organs
	Cylindrospermopsis, Raphidiopsis
	Inhibition of protein synthesis
	Multi-organ toxicity
	(Bláhová et al., 2009; Hoff-Risseti et al., 2013)

	Irritant Toxins
	Lipopolysaccharides (LPS)
	Immune system / Skin
	Many cyanobacterial genera
	Endotoxin-mediated inflammatory response
	Fever, gastrointestinal and dermal irritation
	(Svirčev et al., 2019)

















3. STRUCTURAL DIVERSITY AND BIOSYNTHETIC PATHWAYS OF CYANOTOXINS
Cyanotoxins comprise structurally heterogeneous secondary metabolites whose biological activity is closely linked to their molecular configuration and biosynthetic origin. Rather than forming a single chemical family, these compounds arise from distinct metabolic pathways, primarily involving modular non-ribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) systems(Gademann & Portmann, 2008). The modular organization of these enzymatic complexes enables structural variability, resulting in numerous toxin congeners with diverse physicochemical and toxicological characteristics. Peptide-derived hepatotoxins, such as microcystins and nodularins, possess macrocyclic frameworks that provide conformational rigidity and enhanced resistance to enzymatic degradation. In microcystins, the hydrophobic Adda moiety plays a central role in biological activity by facilitating high-affinity interactions with intracellular protein phosphatases(Kurmayer et al., 2020). Variability in amino acid residues within the cyclic structure gives rise to multiple congeners, each differing in toxicity and environmental stability. The cyclic configuration contributes not only to persistence in aquatic systems but also to selective accumulation in hepatic tissues. Alkaloid toxins demonstrate distinct structural features. Cylindrospermopsin contains a guanidinium group embedded within a tricyclic backbone and incorporates a uracil-like component, which together influence solubility and systemic distribution(Evans et al., 2019). Anatoxin-a is a compact bicyclic amine whose structural resemblance to endogenous neurotransmitters underlies its interaction with cholinergic receptors. Saxitoxins consist of complex heterocyclic scaffolds enriched with guanidinium functionalities that enable strong electrostatic interactions with voltage-gated sodium channels, thereby inhibiting neuronal signal transmission(Durán-Riveroll & Cembella, 2017).
4. GLOBAL DISTRIBUTION AND GEOGRAPHIC EXPANSION OF CYANOTOXINS
Cyanotoxins have been reported from freshwater, brackish, and marine ecosystems across all inhabited continents, reflecting the ecological plasticity of toxin-producing cyanobacteria and their capacity to colonize diverse climatic zones. Historically, toxin occurrence was considered largely restricted to eutrophic temperate lakes; however, increasing surveillance and improved analytical techniques have revealed a far broader geographic distribution(Carmichael, 2001). Among the known cyanotoxins, microcystins remain the most frequently detected compounds worldwide, with documented presence in Europe, North America, Asia, Africa, South America, and even polar regions. Their widespread occurrence is largely attributed to bloom-forming genera such as Microcystis, Dolichospermum, and Planktothrix, which thrive under nutrient-enriched and thermally stratified conditions(Gaysina et al., 2024).
Cylindrospermopsin, initially described from tropical and subtropical regions, has demonstrated a notable poleward expansion over the past two decades. Reports from temperate Europe and East Asia indicate that its distribution is no longer geographically constrained, suggesting that climatic warming and hydrological modifications may be facilitating the dispersal of cylindrospermopsin-producing taxa such as Raphidiopsis(Hoff-Risseti et al., 2013). Similarly, saxitoxins and anatoxins, traditionally associated with localized freshwater systems and marine environments, are increasingly documented in inland water bodies, indicating overlapping ecological niches and adaptive flexibility among toxin-producing strains. Brackish and estuarine systems represent another important ecological interface, particularly for nodularins, which are frequently reported from semi-enclosed seas such as the Baltic region (Table 2). Meanwhile, marine cyanotoxins including lyngbyatoxins are primarily observed in tropical coastal ecosystems, where elevated sea surface temperatures and nutrient influx promote harmful algal proliferations(Ramya et al., 2024).
Notably, the detection of cyanotoxins in polar and high-altitude environments challenges earlier assumptions regarding their thermal limitations. Evidence from Antarctic and alpine lakes suggests that toxin biosynthesis is not restricted to warm climates but may instead represent an adaptive ecological strategy. Collectively, these observations indicate that cyanotoxin distribution is shaped by a complex interplay of climatic, physicochemical, and biogeographical factors(Dalu & Wasserman, 2018).



Table 2: Global Distribution and Characteristics of Major Cyanotoxins
	Toxin
	Chemical Nature
	Key Structural Feature
	Molecular Weight (approx.)
	Major Producing Genera
	Typical Aquatic Environment
	Global Distribution Pattern
	References

	Microcystins (MCs)
	Cyclic heptapeptide
	Adda side chain (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid); stable cyclic ring
	~995–1050 Da (variant dependent)
	Microcystis, Dolichospermum, Planktothrix, Nostoc
	Freshwater lakes, reservoirs, ponds
	Most widespread cyanotoxin; reported on all continents including Antarctica
	(Zagorevskii et al., 1997)

	Nodularins (NODs)
	Cyclic pentapeptide
	Adda-like moiety; smaller peptide ring than MCs
	~824 Da
	Nodularia
	Brackish waters, estuaries
	Common in Baltic Sea; also Australia and polar regions
	(Foss et al., 2020)

	Cylindrospermopsin (CYN)
	Tricyclic guanidinium alkaloid
	Guanidinium group linked to hydroxymethyluracil
	~415 Da
	Raphidiopsis, Aphanizomenon, Dolichospermum
	Freshwater reservoirs; tropical & subtropical systems
	Expanding distribution in Europe, Asia, Americas, Australia
	(Cartmell et al., 2017)

	Anatoxin-a (ATX-a)
	Bicyclic secondary amine alkaloid
	Structural analog of acetylcholine; small bicyclic amine
	~165 Da
	Dolichospermum, Oscillatoria, Aphanizomenon
	Rivers, lakes, benthic mats
	Reported in Europe, North America, Asia; increasing detections
	(Mir et al., 2024)

	Saxitoxins (STXs)
	Tetrahydropurine alkaloid
	Multiple guanidinium groups; highly polar
	~299 Da (parent STX)
	Aphanizomenon, Dolichospermum, Lyngbya
	Freshwater and coastal systems
	Global distribution; inland and marine environments
	(Testai et al., 2016)

	β-N-methylamino-L-alanine (BMAA)
	Non-protein amino acid
	Small polar amino acid derivative
	~118 Da
	Nostoc, Microcystis, marine cyanobacteria
	Freshwater, marine, symbiotic systems
	Detected in Europe, Asia, Americas
	(Koksharova & Safronova, 2022)

	Lyngbyatoxin-a
	Indole alkaloid
	Indolactam core; PKC-activating structure
	~437 Da
	Lyngbya
	Marine tropical waters
	Pacific Ocean, Caribbean regions
	(Du et al., 2019)

	Lipopolysaccharides (LPS)
	Endotoxin (cell wall component)
	Lipid A + polysaccharide chain
	Variable (high MW)
	Multiple cyanobacterial genera
	Freshwater and marine blooms
	Globally present during cyanobacterial proliferations
	(Stewart et al., 2006)




















	5. DETECTION OF CYANOTOXINS
5.1. TARGETED ANALYTICAL METHODS
Targeted analytical methods remain the cornerstone of cyanotoxin detection, particularly for regulatory compliance and quantitative risk assessment. These approaches are designed to identify and quantify predefined toxin congeners with high sensitivity and selectivity. High-performance liquid chromatography (HPLC) coupled with ultraviolet (UV) or diode-array detection has historically been employed for microcystin analysis; however, limited specificity and co-elution challenges reduce its reliability in complex environmental matrices(Massey et al., 2020).
Liquid chromatography coupled with tandem mass spectrometry (LC–MS/MS) is currently regarded as the reference analytical platform. This technique enables simultaneous multi-toxin quantification with low detection limits, structural confirmation, and high reproducibility. Targeted LC–MS/MS methods are especially effective for microcystin congeners, cylindrospermopsin, anatoxins, and saxitoxins. The use of isotope-labeled internal standards further enhances analytical accuracy and compensates for matrix suppression effects. Despite its robustness, high operational cost and technical complexity limit accessibility in resource-constrained monitoring programs(Jacinavicius et al., 2023).
5.2. NON-TARGETED SCREENING APPROACHES
Non-targeted analytical strategies have gained increasing importance due to the discovery of emerging and structurally modified cyanotoxins. High-resolution mass spectrometry (HRMS), including quadrupole time-of-flight (QTOF) and Orbitrap systems, enables suspect and unknown screening without prior knowledge of toxin identity. This approach allows retrospective data analysis, which is particularly valuable when new toxin analogues are identified after sample collection(Ortiz et al., 2017). While non-targeted methods provide broader chemical coverage, challenges remain in compound annotation, spectral database limitations, and quantification without reference standards. Nonetheless, integration of non-targeted workflows with targeted confirmation significantly strengthens comprehensive cyanotoxin surveillance programs.
5.3. MOLECULAR AND GENOMIC DETECTION TOOLS
Molecular detection focuses on identifying toxin biosynthesis potential rather than the toxins themselves. Polymerase chain reaction (PCR)-based techniques target specific gene clusters responsible for toxin production, such as mcy (microcystins), cyr (cylindrospermopsin), sxt (saxitoxins), and ana (anatoxins)(Yuan & Yoon, 2022). Quantitative PCR (qPCR) allows estimation of gene copy numbers, providing insights into the abundance of toxin-producing genotypes. Digital PCR offers enhanced precision for low-abundance targets and complex matrices. Although gene detection does not confirm active toxin synthesis, it provides an early warning indicator before measurable toxin accumulation occurs. Advances in metagenomics and metatranscriptomics further enable evaluation of functional expression patterns, linking environmental drivers with toxin biosynthetic activity.(Y. Zhang et al., 2021)
.
	
[image: ]
Figure 1: Overview of major analytical approaches for cyanotoxin detection, including bioassays, immunoassays (ELISA), chromatographic–mass spectrometric techniques (LC–MS/MS, HRMS), molecular gene-based methods, and emerging biosensor technologies.
5.4. RAPID AND IN SITU DETECTION TECHNOLOGIES
Rapid and field-deployable detection technologies are increasingly being developed to enable timely assessment of cyanotoxins in aquatic environments. Immunochemical methods, particularly enzyme-linked immunosorbent assays (ELISA), remain widely used for preliminary screening due to their operational simplicity, cost-effectiveness, and high analytical throughput(J. Liu et al., 2023). Nevertheless, cross-reactivity among toxin congeners and matrix-related interferences may compromise quantitative accuracy, thereby necessitating confirmatory analysis using more selective instrumental techniques for regulatory applications.
Biosensor-based platforms employing electrochemical, optical, or aptamer-based recognition elements represent emerging alternatives for on-site toxin detection. Advances in nanomaterials and signal transduction systems have enhanced analytical sensitivity, specificity, and response time. These technologies offer rapid quantification with minimal sample preparation, supporting decentralized monitoring strategies in both drinking water treatment facilities and natural water bodies(Y. Li et al., 2024; Z. Li et al., 2019).
Portable analytical devices and microfluidic systems further contribute to in situ detection by reducing reliance on centralized laboratory infrastructure. Such systems are particularly advantageous in remote or resource-limited settings where immediate analytical feedback is critical for risk management decisions. Although remote sensing technologies are primarily applied to estimate cyanobacterial biomass rather than direct toxin concentrations, they play an important role in early warning systems. Surveillance data, can improve predictive modeling of toxin occurrence and bloom toxicity potential. Collectively, rapid and in situ detection technologies enhance temporal monitoring resolution and strengthen proactive management frameworks for cyanobacterial bloom events(Akbarnejad Nesheli et al., 2024).
5.5 BIOSENSOR TECHNOLOGIES
Biosensors have emerged as versatile and sensitive platforms for cyanotoxin detection, combining a selective biorecognition element with a physical transducer to convert binding events into measurable signals. They offer rapid response, high sensitivity, and potential for field deployment, making them highly suitable for environmental monitoring of cyanotoxins(Kulabhusan & Campbell, 2021; Y. Li et al., 2024). Detection limits for biosensors often range from 0.1 to 5 ng/L, approaching those of advanced chromatographic techniques, while reducing sample preparation time and reagent use. Key biosensor types include:
5.5.1 Aptamer-Based Sensors (Aptasensors)
Aptasensors utilize short single-stranded DNA or RNA molecules that specifically bind to target cyanotoxins such as microcystins, cylindrospermopsin, and saxitoxins. Compared to antibodies, aptamers offer higher chemical stability, reproducibility, and cost-effectiveness. Electrochemical aptasensors detect binding events via changes in current, voltage, or impedance, achieving detection limits of 0.1–2 ng/L. Optical aptasensors, including fluorescence and FRET-based designs, allow real-time monitoring with enhanced signal amplification. Aptasensors are particularly suitable for portable, on-site monitoring and can be adapted for multiplexed detection of multiple toxins in complex water matrices(Lan et al., 2022; K. Zhang et al., 2020).
5.5.2 Electrochemical Immunosensors
Electrochemical immunosensors combine antigen–antibody interactions with electrochemical transduction. They are highly sensitive (LOD: 0.1–5 ng/L) and can provide rapid, quantitative results. Integration with nanomaterials, such as gold nanoparticles or graphene, enhances surface area and electron transfer efficiency, improving sensitivity and response time. These sensors are suitable for both laboratory and field applications, though careful matrix validation is required(X. Liu et al., 2019).
5.5.3 Molecularly Imprinted Polymer (MIP) Sensors
MIP-based sensors employ synthetic polymers with specific binding sites complementary to the target cyanotoxin. They are chemically stable, reusable, and resistant to harsh environmental conditions. MIP sensors have achieved LODs in the range of 0.5–5 ng/L.(García et al., 2022) While less sensitive than aptasensors in some cases, their robustness and long shelf-life make them advantageous for remote or decentralized monitoring programs.
5.5.4 Optical Biosensors
Optical biosensors include surface plasmon resonance (SPR), localized SPR (LSPR), surface-enhanced Raman spectroscopy (SERS), fluorescence, and chemiluminescence platforms. SPR and LSPR allow label-free, real-time monitoring of toxin–receptor interactions with LODs typically between 10–70 ng/L. SERS offers ultra-trace detection (LOD: 0.01–1 ng/L) using plasmonic nanostructures, while fluorescence and chemiluminescence provide highly sensitive signal amplification for rapid assays(Nurrohman & Chiu, 2021). Optical biosensors are particularly valuable for mechanistic studies, early-warning systems, and multi-toxin detection.
5.5.7 Lateral Flow Immunoassays (LFIA)
Lateral flow assays are paper-based devices designed for rapid, on-site detection of cyanotoxins. They are simple, inexpensive, and provide qualitative or semi-quantitative results within minutes(Kinyua et al., 2025). LODs typically range from 1–50 ng/L. LFIA is particularly useful for preliminary screening in decentralized monitoring programs, though confirmatory laboratory analysis is recommended for regulatory purposes.
5.5.8 Multiplexed and Array-Based Biosensors
Multiplexed biosensors combine multiple recognition elements to detect several cyanotoxins simultaneously. These platforms, including microarrays and sensor arrays, improve monitoring efficiency and provide a comprehensive assessment of cyanotoxin presence in environmental samples. Sensitivity varies with the platform, generally achieving LODs in the 0.1–10 ng/L range(Z. Li et al., 2019).

Table 3:. Analytical Performance and Sensitivity of Cyanotoxin Detection Methods


	Detection Technique
	Typical LOD Range
	Target Toxins (Common)
	Analytical Capabilities
	
References

	HPLC–UV/DAD
	0.5–1 µg/L
	MCs
	Limited specificity; matrix interference possible
	(Bouteiller et al., 2022)

	HPLC–FLD (Fluorescence Detection)
	0.02–0.1 µg/L
	MCs, CYN (after derivatization)
	Improved sensitivity; requires chemical derivatization
	(Zeng et al., 2017)

	LC–MS/MS
	0.01–0.5 ng/L
	MCs, CYN, ATX, STXs
	Gold standard; high specificity and multi-toxin capability
	                  (Volante & Villa, 2017)

	High-Resolution MS (Orbitrap/QTOF)
	0.1–1 ng/L
	MC variants, emerging toxins
	Enables non-target and suspect screening
	                  (Picardo et al., 2021)

	ELISA
	0.05–0.1 µg/L
	Primarily MCs, CYN, STXs
	Rapid screening; congener cross-reactivity possible
	                  (He et al., 2017)

	Protein Phosphatase Inhibition Assay (PPIA)
	~0.1 µg/L
	Microcystins, Nodularins
	Functional toxicity-based detection
	                   (Alba Posse et al., 2023)

	Electrochemical Immunosensors
	0.5–5 ng/L
	MC-LR mainly
	Portable; enhanced sensitivity via nanomaterials
	                   (Dai et al., 2025)

	Aptamer-Based Biosensors
	0.1–5 ng/L
	MC-LR
	High selectivity; adaptable to multiple platforms
	                   (G. Zhang et al., 2018)

	Aptamer-Based Electrochemical Sensor
	0.1–2 ng/L
	MC-LR
	High selectivity; stable synthetic recognition elements
	(Wei et al., 2022)

	Surface Plasmon Resonance (SPR)
	10–70 ng/L
	MC-LR
	Label-free real-time optical detection
	(Tan et al., 2023)

	Surface-Enhanced Raman Spectroscopy (SERS)
	0.01–1 ng/L
	MC-LR
	Ultra-sensitive; requires specialized substrates
	(Qin et al., 2024)

	Fluorescence Polarization Assay
	0.05–0.1 µg/L
	Microcystins
	Rapid homogeneous assay format
	(H. Zhang et al., 2017)

	Capillary Electrophoresis (CE)
	0.1–1 µg/L
	MCs, CYN
	Fast separation; moderate sensitivity
	(Carmona-Molero et al., 2024)

	MALDI–TOF MS
	1–100 ng/L
	MC variants
	Rapid toxin profiling in extracts
	(Ahuja et al., 2023)

	Microfluidic Lab-on-a-Chip Systems
	1–10 ng/L
	MC-LR
	Field-deployable; low reagent consumption
	(Abedi-Firouzjah et al., 2025)

	Colorimetric Nanoparticle Sensors
	5–50 ng/L
	MC-LR
	Visual detection; suitable for rapid screening
	(Yang et al., 2011)

	Fluorescence Resonance Energy Transfer (FRET) Sensor
	0.1–5 ng/L
	MC-LR
	Highly sensitive fluorescence-based detection
	(Lee & Son, 2019)

	Chemiluminescent Immunosensor
	0.01–1 ng/L
	MC-LR
	Enhanced signal intensity; high analytical sensitivity
	(Pang et al., 2020)

	Quartz Crystal Microbalance (QCM) Biosensor
	1–10 ng/L
	MC-LR
	Mass-sensitive detection; real-time analysis
	(Hou et al., 2016)





6. DISCUSSION
The comparative assessment of cyanotoxin detection technologies demonstrates substantial variation in analytical sensitivity, specificity, operational complexity, and suitability for regulatory implementation. As summarized in Table 3, detection limits span several orders of magnitude, ranging from sub-ng/L levels for advanced mass spectrometric techniques to µg/L levels for conventional chromatographic and colorimetric methods. This broad analytical spectrum reflects both technological evolution and the diverse objectives of monitoring programs, from rapid screening to confirmatory quantification. Liquid chromatography coupled with tandem mass spectrometry (LC–MS/MS) consistently exhibits the highest analytical sensitivity among targeted methods, with reported limits of detection (LOD) commonly between 0.01 and 0.5 ng/L for microcystins and other cyanotoxins. Such sensitivity is well below the provisional guideline value of 1 µg/L for microcystin-LR in drinking water established by the World Health Organization and documented in Toxic Cyanobacteria in Water. The capacity of LC–MS/MS to simultaneously quantify multiple congeners with structural confirmation renders it the current reference method for regulatory and research applications. High-resolution mass spectrometry (HRMS), including Orbitrap and QTOF platforms, further enhances analytical coverage by enabling suspect and non-target screening, thereby addressing the growing recognition of structurally diverse and emerging cyanotoxin analogues reported in journals such as Water Research and Toxins.
Conventional chromatographic techniques such as HPLC–UV typically exhibit LODs in the range of 0.5–1 µg/L, reflecting comparatively lower sensitivity and susceptibility to matrix interference. Fluorescence detection following derivatization improves sensitivity to approximately 0.02–0.1 µg/L, yet remains inferior to MS-based platforms in terms of structural specificity. These methods, while historically significant, are increasingly limited to supplementary or resource-constrained applications. Immunochemical assays, particularly ELISA, generally achieve LODs around 0.05–0.1 µg/L for microcystins. Although adequate for screening relative to health-based guideline thresholds, cross-reactivity among congeners may result in overestimation of total toxin concentrations. Protein phosphatase inhibition assays demonstrate similar sensitivity (~0.1 µg/L) but measure functional toxicity rather than specific molecular identity. As discussed in Harmful Algae, such bioassays provide useful hazard indication but lack the analytical resolution required for detailed congener profiling. Emerging biosensor technologies display highly variable but often impressive sensitivity. Electrochemical immunosensors and aptamer-based sensors frequently report LODs between 0.1 and 5 ng/L, approaching those of chromatographic–mass spectrometric techniques under controlled conditions(Xie et al., 2025). Chemiluminescent and fluorescence resonance energy transfer (FRET)-based systems have demonstrated detection limits as low as 0.01–1 ng/L. Surface-enhanced Raman spectroscopy (SERS) platforms, leveraging nanostructured substrates, may achieve LODs in the 0.01–1 ng/L range, positioning them among the most sensitive reported methods. However, reproducibility, substrate stability, and matrix interference remain critical barriers to routine environmental implementation. Surface plasmon resonance (SPR) and quartz crystal microbalance (QCM) biosensors typically exhibit LODs between 1 and 70 ng/L, offering real-time and label-free detection capabilities. Microfluidic lab-on-a-chip systems similarly report detection limits around 1–10 ng/L, with the added advantages of reduced reagent consumption and portability. Colorimetric nanoparticle-based assays, while attractive for rapid field screening, generally present higher detection limits (5–50 ng/L), limiting their utility for ultra-trace quantification. 
Overall, the comparative limits of detection (LODs) indicate that no single analytical platform simultaneously satisfies all essential performance criteria, including ultra-trace sensitivity, structural specificity, operational cost-efficiency, portability, and comprehensive multi-toxin capability. Each methodological category presents inherent trade-offs between analytical precision and practical applicability. Therefore, a tiered monitoring framework represents the most rational strategy. In this approach, rapid immunochemical assays or sensor-based technologies are employed for preliminary screening and early risk identification, whereas confirmatory analysis using liquid chromatography–tandem mass spectrometry (LC–MS/MS) ensures accurate quantification and congener-specific structural verification. Harmonization of analytical validation protocols, standardized quality assurance procedures, and interlaboratory calibration remains imperative to guarantee reproducibility and global comparability of cyanotoxin monitoring data.
With the increasing frequency, spatial expansion, and seasonal persistence of cyanobacterial blooms driven by eutrophication and climate warming, the demand for sensitive, rapid, and scalable detection technologies is expected to intensify. Future advancements should prioritize multiplexed platforms capable of simultaneous detection of diverse toxin classes, enhanced analytical robustness in complex environmental matrices, and integration with predictive modeling and early-warning systems. In this context, rapid lateral flow sensor technologies are emerging as promising field-deployable tools, offering cost-effective, user-friendly, and real-time screening capabilities that may substantially strengthen decentralized monitoring and public health protection strategies(Alves et al., 2025). When comparatively evaluated, a clear performance hierarchy emerges. LC–MS/MS and HRMS provide the lowest detection limits with the highest structural certainty, making them indispensable for confirmatory analysis. Advanced biosensors, although increasingly sensitive, require comprehensive validation in natural waters characterized by high dissolved organic carbon, fluctuating pH, and co-occurring metabolites. Immunoassays occupy an intermediate position, balancing sensitivity and operational simplicity but lacking molecular discrimination. A critical observation from the compiled data is the predominant analytical emphasis on microcystin-LR as the model analyte. While its toxicological relevance justifies extensive study, other cyanotoxins such as cylindrospermopsin, anatoxins, and saxitoxins receive comparatively less methodological coverage in sensor development.

7. CONCLUSION
Cyanotoxins continue to pose a significant global threat to water quality, aquatic ecosystems, and public health due to the increasing frequency, geographic expansion, and persistence of harmful cyanobacterial blooms. Over the past decades, substantial advances in detection technologies have greatly enhanced our ability to identify and quantify these toxins, ranging from conventional chromatographic and immunoassay methods to advanced mass spectrometry and emerging biosensor platforms. Each technique offers distinct advantages: chromatographic and mass spectrometric approaches provide high sensitivity and structural specificity; immunoassays and bioassays allow rapid screening; and biosensors, particularly aptamer-based and multiplexed platforms, offer portability, real-time monitoring, and the potential for on-site application. Despite these advancements, no single method simultaneously fulfills all requirements of ultra-trace detection, multi-toxin coverage, rapidity, field deployability, and cost-effectiveness. Therefore, a tiered monitoring strategy, integrating rapid screening tools with confirmatory LC–MS/MS analysis, remains the most robust and practical approach for comprehensive cyanotoxin assessment. Emerging portable biosensors, including lateral flow assays, microfluidic lab-on-a-chip devices, and multiplexed sensor arrays, show particular promise for decentralized, real-time monitoring, complementing laboratory-based techniques and supporting early-warning programs. Future research should focus on developing multi-analyte, matrix-robust, and field-deployable platforms, alongside harmonized validation procedures to ensure data comparability across laboratories and regions. Coupling advanced detection technologies with predictive modeling and early-warning frameworks will be critical for proactive risk management, allowing timely mitigation of cyanotoxin exposure and sustainable protection of water resources under evolving environmental and climate change scenarios.
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Acronyms and Abbreviations
1. ATX – Anatoxin-a
2. BMAA – β-N-methylamino-L-alanine
3. CE – Capillary Electrophoresis
4. CYN – Cylindrospermopsin
5. DAD – Diode Array Detector
6. ELISA – Enzyme-Linked Immunosorbent Assay
7. FRET – Fluorescence Resonance Energy Transfer
8. GC–MS – Gas Chromatography–Mass Spectrometry
9. HPLC – High-Performance Liquid Chromatography
10. HRMS – High-Resolution Mass Spectrometry
11. LC–FLD – Liquid Chromatography with Fluorescence Detection
12. LC–MS/MS – Liquid Chromatography–Tandem Mass Spectrometry
13. LFIA – Lateral Flow Immunoassay
14. LOD – Limit of Detection
15. LOQ – Limit of Quantification
16.  LSPR – Localized Surface Plasmon Resonance
17.  MEKC – Micellar Electrokinetic Chromatography
18.  MIP – Molecularly Imprinted Polymer
19.  µPAD – Microfluidic Paper-Based Analytical Device
20.   MCs – Microcystins
21. NOD – Nodularins
22.  PPIA – Protein Phosphatase Inhibition Assay
23.  QCM – Quartz Crystal Microbalance
24.  SPR – Surface Plasmon Resonance
25.  SERS – Surface-Enhanced Raman Spectroscopy
26. TOF – Time-of-Flight (Mass Spectrometry)
27.   UPLC – Ultra-Performance Liquid Chromatography
28.   UV – Ultraviolet
29. WHO – World Health Organization
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