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Abstract 
Cyanobacterial toxins, particularly microcystins produced by Microcystis aeruginosa, have garnered growing attention due 
to their ecological impact, public health risks, and their emerging potential. Efficient extraction and purification of these 
compounds are critical for both analytical and scalable applications. This review synthesized developments from 2005 to 
2025, focusing on advances in cyanobacterial cultivation, toxin extraction and purification workflows, and methodological 
shifts toward environmental sustainability. This review critically examines key strategies such as high-performance liquid 
chromatography (HPLC), solid-phase extraction (SPE), and emerging green solvent systems are critically examined for their 
recovery efficiency, cost, and field applicability. Special attention is given to maintaining structural integrity of bioactive 
moieties like Adda and to reducing environmental footprint. The review also discusses persistent challenges, such as matrix 
interference and interlaboratory variability, and identifies the ‘extraction gap’- the discrepancy between laboratory-optimized 
protocols and variable field performance. By consolidating current knowledge, this article outlines pressing methodological 
needs and proposes directions for improving standardization, detection accuracy, and practical deployment in environmental 
and biomedical contexts.
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Abbreviation Full Form
MC Microcystin
MC-LR Microcystin-LR
MC-RR Microcystin-RR
MC-YR Microcystin-YR
M. aeruginosa Microcystis aeruginosa
SPE Solid-Phase Extraction
HLB Hydrophilic–Lipophilic Balanced (sorbent)
MIP Molecularly Imprinted Polymer
MSPE Magnetic Solid-Phase Extraction
LLE Liquid–Liquid Extraction
DES Deep Eutectic Solvent
SWE Subcritical Water Extraction
GPC Gel Permeation Chromatography
HPLC High-Performance Liquid Chromatography
LC-MS/MS Liquid Chromatography–Tandem Mass Spectrometry



    Volume 2 | Issue 1 | 2 Curr Res Env Sci Eco Letters, 2025

HRMS High-Resolution Mass Spectrometry
UHPLC Ultra-High-Performance Liquid Chromatography
CRMs Certified Reference Materials
PP1 Protein Phosphatase 1
PPIA Protein Phosphatase Inhibition Assay
MUP 4-Methylumbelliferyl Phosphate
OPA Ortho-Phthalaldehyde
BSA Bovine Serum Albumin
MMPB 2-Methyl-3-methoxy-4-phenylbutyric acid
NSA Non-Specific Adsorption
HABs Harmful Algal Blooms

1. Introduction
Cyanobacteria, or blue-green algae, are widespread 
photosynthetic microorganisms inhabiting diverse aquatic 
habitats. Among them, Microcystis aeruginosa stands out due to 
its prolific production of microcystins-cyclic heptapeptides that 
pose substantial threats to public health and aquatic ecosystems 
[1]. These toxins are a major concern during harmful algal 
blooms (HABs), contaminating drinking water sources and 
affecting aquatic organisms [2]. The structural diversity of 
microcystins-comprising over 100 identified variants-underpins 
their broad toxicological and biochemical relevance [1,3]. Due 
to their ability to toxicity, microcystins have attracted interest 
as biochemical tools. They strongly inhibit protein phosphatases 
PP1 and PP2A, offering valuable insight into processes such as 
signal transduction, apoptosis, and tumor progression [4]. Over 
the past two decades, the scientific perspective on microcystins 
has evolved, from viewing them solely as hazards to exploring 
their biotechnological potential. Microcystins are increasingly 
studied as chemical models in the development of treatments for 
neurodegenerative diseases such as Alzheimer’s and Parkinson’s, 
due to their ability to modulate tau phosphorylation and related 
pathways [4]. The broader scientific discourse has also expanded 
to include environmental drivers such as climate change. 
Rising temperatures and eutrophication have been shown to 
intensify cyanobacterial bloom frequency and toxin production 
in freshwater and brackish environments [5]. Consequently, 
understanding the physiological and ecological factors that 
influence toxin synthesis, including the biosynthetic pathway of 
microcystin-LR, has become a critical research priority.

In parallel, efficient extraction and purification methods have 
grown increasingly important for analytical and therapeutic 
applications. Traditional protocols rely on organic solvents 
such as methanol and butanol to isolate microcystins from 
cyanobacterial biomass, often followed by purification via high-
performance liquid chromatography (HPLC) [1].

These methods have evolved to increasingly prioritize 
environmental sustainability and operational efficiency. 
Innovations such as solid-phase extraction (SPE), automated 
workflows, and high-resolution mass spectrometry (LC-MS/
MS) have greatly improved analytical throughput and precision. 
In addition, green chemistry principles have been progressively 

applied to reduce solvent use and environmental impact, with 
newer methods incorporating deep eutectic solvents and sub-
critical water extraction. These approaches ware especially 
relevant for large-scale or field-adapted toxin monitoring.

Microcystins are also of growing interest for biomedical research. 
Their selective inhibition of PP1 and PP2A is being harnessed 
in cancer and neurodegeneration models, though their systemic 
toxicity limits clinical application [4]. Nonetheless, the diversity 
of toxin-producing cyanobacteria-supported by resources like 
the LEGE-CC and BACA culture collections-offers promising 
avenues for discovering novel variants with specific bioactivities 
[6,7].

Ecologically, microcystins may function as allelopathic agents, 
conferring competitive advantages and influencing species 
adaptation in aquatic environments [1]. This highlights the 
importance of understanding their role not just as toxins or 
tools, but as functional metabolites shaped by evolution. Given 
these complex roles, recent efforts have focused on developing 
extraction and purification methods that balance effectiveness, 
scalability, and environmental safety. Figure 1 outlines the typical 
analytical workflow, from field sampling to toxin isolation, 
incorporating both classical solvents and greener technologies.

This review aims to provide a critical synthesis of the past 20 
years of research (2005–2025) on the extraction, purification, 
and storage of microcystins from M. aeruginosa, with 
particular focus on scalability, solvent selection, and analytical 
robustness. The following sections cover the biological basis of 
toxin production (Section 2), extraction methods (Section 3), 
purification strategies (Section 4), stability and storage issues 
(Section 5), practical applications (Section 6), and ongoing 
research needs (Section 7).

2. Biological and Chemical Background Relevant to 
Microcystin Extraction
2.1. Microcystis aeruginosa: Morphology and Growth 
Characteristics
Microcystis aeruginosa is a common cyanobacterium found in 
eutrophic freshwater systems, where it forms colonies embedded 
in a mucilaginous matrix. This matrix confers buoyancy 
and protection against environmental stressors. Colonies are 
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typically spherical or irregular, and individual cells range from 
2 to 7 µm in diameter. Microcystins are not stored in specialized 
organelles but are dispersed throughout the cytoplasm and 
intracellular vesicles [8].

The organism thrives in environments with high nutrient loads, 
elevated temperatures, and water column stratification. These 
conditions facilitate bloom formation, which is the primary 
biomass source for microcystin extraction. Blooms of M. 
aeruginosa are the main contributors to microcystin presence 
in aquatic environments [9]. The structural and physiological 
features of the colonies, including the mucilaginous sheath, 
affect solvent penetration and must be considered when selecting 
mechanical or chemical disruption strategies for extraction.

2.2. Microcystin Biosynthesis and Chemical Features
Microcystins are synthesized by a nonribosomal peptide 
synthetase–polyketide synthase (NRPS-PKS) complex encoded 
by the mcy gene cluster. All variants share a common cyclic 
heptapeptide backbone and include the hydrophobic β-amino 
acid Adda, which is essential for their biological activity [10].

Structural diversity results from amino acid substitutions in the 
variable positions of the peptide ring, altering solubility, polarity, 
and stability. These differences influence extraction efficiency: 
more hydrophilic congeners may require different solvents or 
purification sorbents than hydrophobic ones. The presence of 
the Adda moiety necessitates the use of extraction methods that 
preserve hydrophobic interactions while minimizing oxidative 
degradation [11].

2.3. Stability, Toxicity, and Environmental Persistence
Microcystins are chemically stable under neutral environmental 
conditions but may degrade via microbial activity or photolysis, 
particularly under UV exposure [12]. Their mechanism of action 
involves potent inhibition of protein phosphatases PP1 and 
PP2A, leading to hepatotoxic effects [13]. 

The environmental persistence of microcystins-along with their 
ability to bioaccumulate in aquatic organisms-demands careful 
sample handling. Storage and extraction protocols must mitigate 
exposure to light, heat, and oxidative conditions to ensure 
accurate toxin recovery and quantification.

The environmental persistence of microcystins-along with their ability to bioaccumulate in 

aquatic organisms-demands careful sample handling. Storage and extraction protocols must 

mitigate exposure to light, heat, and oxidative conditions to ensure accurate toxin recovery and 

quantification. 

 

 
 

Figure 1: Overview of the analytical workflow for microcystin extraction and purification. 

 

2.4. Preservation of the Adda Moiety During Extraction 

The Adda moiety (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid) is 

central to the toxicological potency and biochemical activity of microcystins [14]. Its conjugated 

Figure 1: Overview of the Analytical Workflow for Microcystin Extraction and Purification
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2.4. Preservation of the Adda Moiety During Extraction
The Adda moiety (3-amino-9-methoxy-2,6,8-trimethyl-10-
phenyldeca-4,6-dienoic acid) is central to the toxicological 
potency and biochemical activity of microcystins [14]. Its 
conjugated diene system and aromatic ring govern both binding 
affinity to protein phosphatases and the molecule’s hydrophobic 
profile [15].

The preservation of the Adda moiety is not only vital for ensuring 
toxicological accuracy but also for maintaining the efficacy 
of microcystins in biotechnological and pharmacological 
applications.

Damage to Adda-through oxidation, hydrolysis, or UV-induced 
isomerization-reduces microcystin activity and can lead to 

underestimation of toxin levels in bioassays and chemical 
analyses [16,17]. Specifically, degradation of the Adda side 
chain dramatically reduces binding affinity to PP1 and PP2A, 
compromising the accuracy of phosphatase inhibition assays and 
masking environmental risk.

Figure 2 illustrates the structural importance of Adda and the 
molecular consequences of its degradation, highlighting how 
chemical modifications impact toxin bioactivity. Thus, extraction 
methods should avoid harsh conditions-such as extreme pH, 
prolonged heating, or UV exposure-that degrade Adda. Solvent 
selection and storage strategies should be designed to preserve 
the integrity of the Adda moiety, ensuring both toxicological 
relevance and analytical accuracy.

diene system and aromatic ring govern both binding affinity to protein phosphatases and the 

molecule‘s hydrophobic profile [15]. 

The preservation of the Adda moiety is not only vital for ensuring toxicological accuracy but 

also for maintaining the efficacy of microcystins in biotechnological and pharmacological 

applications. 

Damage to Adda-through oxidation, hydrolysis, or UV-induced isomerization-reduces 

microcystin activity and can lead to underestimation of toxin levels in bioassays and chemical 

analyses [16,17]. Specifically, degradation of the Adda side chain dramatically reduces binding 

affinity to PP1 and PP2A, compromising the accuracy of phosphatase inhibition assays and 

masking environmental risk. 
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degradation, highlighting how chemical modifications impact toxin bioactivity. 
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accuracy. 

 

 
Figure 2: Importance of Adda integrity in microcystin extraction and analysis. 

 

3. Extraction Methods: From Classical Solvents to Green Technologies 

The field of microcystin analysis has undergone major advancements over the past two decades, 

driven by the dual imperatives of analytical precision and environmental sustainability. This 

section presents a reformulated synthesis of extraction methods for microcystins, structured into 

four key categories: conventional solvent-based extraction, assisted physical–chemical 

techniques, emerging green solvents, and comparative performance. 

Figure 2: Importance of Adda Integrity in Microcystin Extraction and Analysis

3. Extraction Methods: From Classical Solvents to Green 
Technologies
The field of microcystin analysis has undergone major 
advancements over the past two decades, driven by the 
dual imperatives of analytical precision and environmental 
sustainability. This section presents a reformulated synthesis 
of extraction methods for microcystins, structured into four 
key categories: conventional solvent-based extraction, assisted 
physical–chemical techniques, emerging green solvents, and 
comparative performance.

3.1. Conventional Solvent-Based Extraction
From 2005 to 2025, numerous studies have focused on 
extracting and purifying microcystins from bloom material 
and laboratory cultures. Laboratory-based extraction tends to 
be more consistent, whereas bloom-derived samples are more 
complex due to extracellular polymeric substances (EPS) and 
secondary metabolites [18]. Biomass enrichment methods such 
as centrifugation followed by GF/C filtration have been shown 
to improve recovery and purity from bloom samples [19].

A pivotal advancement in 2005 identified acidified methanol (pH 
~2) combined with sonication as the most effective method for 
extracting both hydrophilic and hydrophobic variants without 
compromising toxin integrity [20]. Methanol, particularly 
at 75% (v/v), remains the most widely used solvent [21, 22] 
because of its ability to penetrate cell membranes and solubilize 
diverse congeners. However, its use presents limitations: long 
extraction times, co-extraction of pigments and lipids, and 
reduced effectiveness in field samples [18]. Sequential extraction 
has been required for complete recovery.

Despite its toxicity and persistence concerns, methanol-based 
methods (75–100% v/v) still yield 85–95% recovery for MC-
LR in controlled conditions, though less so in environmental 
matrices [21,23,24]. Three primary limitations persist: 
(1) co-extraction of 30–40% of interfering substances [25].; (2) 
Poor solvent penetration due to EPS [26].; and (3) Environmental 
concerns. Figure 3 illustrates the traditional solvent extraction 
workflow, highlighting key interferences and safety concerns.
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Figure 3: Traditional Solvent Extraction Workflow, with Annotations of Interferences and Safety Concerns

3.2. Assisted Physical–Chemical Techniques (UAE, MAE, 
PLE)
To overcome the drawbacks of conventional solvents, assisted 
extraction methods emerged. Thin-layer chromatography 
(TLC) was first applied in 2007, followed by the use of UV/
IR spectroscopy and high-performance liquid chromatography 
(HPLC) for improved separation and identification [27,28]. 

Freeze-drying followed by methanol extraction enhances 
recovery over more aggressive techniques like sonication or 
bead-beating, which can degrade the analyte [29]. Ultrasound-
assisted extraction (UAE), using 20 kHz at 50% amplitude, 

achieves 94% MC-RR recovery in 15 minutes while reducing 
solvent usage by 60% [30]. However, energy variations affect 
reproducibility by up to 18% [31].

Microwave-assisted extraction (MAE) reduces processing 
time by 40–50% but risks degradation above 60°C [32]. While 
efficient in the lab, MAE’s field application remains limited. 
Both MAE and boiling water baths also sterilize bloom material, 
preventing bacterial contamination during purification [33]. 
Figure 4 compares the performance of UAE and MAE extraction 
methods under variable operational conditions.
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Figure 4: Comparative Performance of UAE and MAE in Extraction Efficiency and Stability under Variable Conditions

3.3. Emerging Green Solvent Systems (DES, SWE, MSPE)
A shift toward sustainable extraction technologies has led to 
the adoption of green solvents. Deep eutectic solvents (DES), 
such as choline chloride–glycerol (1:2), achieved 88% MC-
LR recovery without using organic solvents, though efficiency 
varies with biomass condition [30,34].

Subcritical water extraction (SWE) eliminates solvent use 
altogether. Early implementations showed 12% degradation of 
MC-YR, reduced to <5% via zirconium dioxide catalysis [35]. 
However, SWE remains costly, approximately three times more 
expensive than methanol-based methods [36]. Optimization of 
pH, temperature, and time is essential for reproducibility [37].

Magnetic solid-phase extraction (MSPE) using functionalized 
nanoparticles like Fe₃O₄@SiO₂@C18 has revolutionized 
extraction from complex matrices. These allow for faster 
operation, lower solvent use, and high recovery (up to 95%) 
[38]. Table 2 compares SPE and MSPE in terms of performance 
and practical applicability.

Integration with high-resolution platforms like Orbitrap MS 
has improved sensitivity to sub-ng/L levels and enabled precise 
detection of low-abundance variants [39]. Coupling with SPE 
workflows (UHPLC-MS/MS, LC-QToF-HRMS) improved 
reproducibility and automation [40,41].
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3.4. Comparative Performance and Field Applicability
The tradeoff between extraction efficiency and overall 
impact is illustrated in Figure 5. While extraction efficiency 
is context-dependent-varying with species, colony phase, 
and matrix composition-field applications typically present 

greater variability than laboratory conditions. This comparison 
considers not only the technical performance of each method 
but also incorporates broader costs, including environmental and 
health-related impacts, offering a more comprehensive view of 
each method’s sustainability profile.

 
Figure 5: Tradeoff between extraction efficiency and impact-adjusted cost for DES, SWE, 

methanol, and MAE. 

 

To better visualize these tradeoffs, Table 1 consolidates core performance indicators-recovery 

rate, time, solvent profile, degradation risk, and field-readiness-across common extraction 

techniques. These multidimensional comparisons underscore that no single method is optimal 

across all conditions. Instead, the choice of method should align with sample characteristics, 

resource availability, and the intended analytical resolution. 

Method (%)1 Time2 Solvent Risk3 Use 

MeOH (75%) 85–95 1–2 h High Low Moderate 

UAE 90–94 15–30 min Reduced Moderate Low 

MAE 85–90 10–15 min Reduced High (>60°C) Low 

DES 80–88 1 h ―Green‖ Low Medium 

SWE 75–90 30–60 min 
―Green‖ 

(water) 
Medium Very Low 

Table 1: Comparative Performance of Extraction Techniques for Microcystins. 
1of Recovery; 2of Extraction; 3of Degradation.  
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Table 1: Comparative Performance of Extraction Techniques for Microcystins
                                                                  1of Recovery; 2of Extraction; 3of Degradation. 

Magnetic solid-phase extraction (MSPE) technologies have 
undergone significant advancements with the development 
of functionalized magnetic nanoparticles, which have 
revolutionized extraction processes. Notably, nanoparticles 
such as Fe₃O₄@SiO₂@C18, as demonstrated in offer excellent 
performance for selective extraction from complex matrices [39]. 
These nanoparticles combine the magnetic properties of Fe₃O₄ 
with the hydrophobic functionalization of C18, allowing for 

high selectivity, faster operation, reduced solvent consumption, 
and efficient magnetic separation. Such features make MSPE 
particularly well-suited for applications involving environmental 
waters and biological tissues, which pose challenges due to their 
complex nature. The transition from traditional solid-phase 
extraction (SPE) to MSPE is underscored by the improved 
efficiency, speed, and simplicity of modern extraction methods, 
as highlighted in the comparison in Table 2.
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Feature SPE MSPE 

Sorbent C18, HLB, MIPs Magnetic nanoparticles (e.g., Fe3O4) 

Separation mechanism Centrifugation, filtration Magnetic separation 

Selectivity Moderate to High High (with functionalization) 

Recovery 70–90% (matrix dependent) Up to 95% 

Cost Low to moderate Moderate 

Use Moderate High (faster & simpler) 

Table 2: Comparison between SPE and MSPE Techniques 
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This evolution was not abrupt but rather the result of a series 
of methodological milestones that progressively shaped the 
analytical landscape. Key developments along this trajectory 
include:
Standardization of acidified methanol-sonication protocols for 
effective MC extraction.
•	 Application of TLC, UV/IR, and HPLC techniques for 

microcystin purification and detection.
•	 Optimization of freeze-drying coupled with 75% methanol 

extraction to maximize recovery and stability.
•	 Integration of high-resolution mass spectrometry (e.g., 

Orbitrap) with refined SPE workflows for greater sensitivity 
and selectivity.

•	 Emergence of magnetic SPE (MSPE) using functionalized 
nanoparticles, offering rapid and selective extraction in 
complex matrices.

•	 Transition to fully automated online SPE systems coupled 
with UHPLC-MS/MS and LC-HRMS, marking a new 
phase in environmental toxin monitoring.

•	 Despite these methodological advances, several persistent 
challenges continue to limit the universal applicability of 
current extraction and detection techniques:

•	 Extraction efficiency remains highly con-text-dependent, 
influenced by factors such as cya-nobacterial species, 
colony development stage, and matrix complexity. 

•	 Field-based applications often introduce varia-bility 
not typically encountered under controlled laboratory 
conditions. 

•	 Economic constraints and lack of equipment standardization 
hinder equitable access to high-quality, high-throughput 
analytical tools.

Recent developments have also highlighted the need for 
extraction protocols that balance analytical performance 
with operational simplicity, particularly in low-resource or 
field-based settings. A 2022 study optimized and validated a 
cost-effective mi-crocystin detection workflow centered on 
protein phosphatase 1 (PP1) inhibition assays, and in doing so, 
contributed valuable insights into simplified extraction methods 
[42]. Among various cell lysis approaches evaluated, thermal 
treatment at 95 °C for 15 minutes proved to be an effective and 
reproducible strategy for releasing bioactive microcystins from 
cyanobacterial biomass. This method eliminates the need for 

specialized equipment or organic solvents, offering a practical 
alternative to more complex techniques such as sonication, 
bead-beating, or solvent-intensive solid-phase extraction (SPE). 
Although it may not match the absolute recovery efficiencies 
of advanced chromatographic methods, this thermally based 
extraction preserves the biological activity of microcystins-an 
essential criterion when bioassay-based detection is employed. 
By prioritizing simplicity, low cost, and functional reliability, this 
approach broadens the applicability of microcystin monitoring, 
particularly in regions lacking access to high-end analytical 
infrastructure, and marks a meaningful shift in the state of the 
art toward more inclusive and deployable methodologies.

The optimization of extraction methods directly influences 
subsequent purification and quantification workflows. 
Advances in green extraction not only enhance sustainability 
but also reduce matrix complexity, facilitating downstream 
chromatographic and mass spectrometric analyses essential 
for multi-congener microcystin monitoring. This cumulative 
technological evolution from 2005 to 2025-covering mechanical 
lysis, solvent optimization, MSPE, green extractions, and high-
throughput UHPLC-HRMS integration-set the stage for further 
developments in purification and quantification strategies, 
discussed in the next section.

4. Purification and Quantification Strategies
Following extraction, solid phase extraction (SPE) is the most 
common technique used to purify microcystins from crude 
extracts and environmental samples. SPE methods typically 
use C18 reversed-phase cartridges, which selectively retain 
hydrophobic compounds [38,43]. Sample pre-treatment may 
involve filtration, centrifugation, and pH adjustment to enhance 
binding. Elution is achieved with methanol or acetonitrile, 
often containing formic acid or trifluoroacetic acid to improve 
desorption. Modified sorbents and mixed-mode cartridges have 
been developed to improve selectivity and capacity for specific 
congeners.

Purification from bloom material has been shown to be more 
variable than from laboratory cultures, largely due to particulate 
debris and the presence of extracellular polymeric substances 
(EPS). Natural bloom samples contain complex matrices that can 
interfere with extraction and purification, leading to inconsistent 
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yields. Filtration prior to SPE has been reported to improve 
yield consistency, particularly in samples with high turbidity, 
by removing particulate matter and reducing matrix effects. 
For instance, a recent study demonstrated that implementing 
filtration steps before SPE significantly improved recovery 
rates and reliability of microcystin quantification in complex 
environmental samples [44].

Early studies also revealed that pre-treatment steps must be 
carefully optimized to prevent adsorption losses of microcystins 
onto filter membranes, particularly glass fiber and nylon filters, 
which can selectively bind hydrophobic congeners. This 
phenomenon, initially underestimated, has been recognized as a 
critical factor influencing final toxin recovery, especially when 
handling bloom material rich in organic debris.

4.1. Fluorescence-based Analytical Methods
Fluorescence-based analytical methods play a critical role 
in verifying the effectiveness of microcystin purification, 
especially post-SPE [45]. While microcystins are not 
intrinsically fluorescent, derivatization strategies and enzymatic 
inhibition assays have enabled their indirect but sensitive 
quantification. The author used 5-Aminofluorescein (5-AF) 
and 6-Aminofluorescein (6-AF) as small-molecule fluorescent 
probes for MC-LR detection. These probes exhibit significant 
fluorescence enhancement upon binding to MC-LR, allowing 
for sensitive detection. Other widely adopted approach involves 
the inhibition of protein phosphatase 1 (PP1), using fluorescent 
substrates such as 4-methylumbelliferyl phosphate (MUP), 
to estimate the presence of bioactive microcystins [46]. This 
technique functions as a functional bioassay that confirms 
selective retention of biologically active congeners and assesses 
matrix interference.

Quantifying the total microcystin (MC) content-including 
both free and bound forms-is essential for accurately assessing 
toxicity in environmental and biological samples. While Protein 
Phosphatase Inhibition Assays (PPIAs) are effective in detecting 
bioactive MCs, they fail to detect inactive or protein-bound 
forms.

To overcome this limitation, complementary methods 
such as derivatization with ortho-phthalaldehyde (OPA) or 
fluorescamine followed by spectrofluorimetric detection have 
been used. However, direct application of OPA or fluorescamine 
for total MC quantification is limited because the bound MCs 
must first be released.

To achieve this, oxidative cleavage methods that generate 
2-methyl-3-methoxy-4-phenylbutyric acid (MMPB) are 
commonly employed. After oxidation, MMPB can be 
derivatized with fluorescent reagents and detected using liquid 
chromatography with fluorescence detection, allowing for the 
quantification of total MCs in water and sediment samples [47].
Additionally, methodological reviews highlight that while the 
MMPB method is considered the reference approach for total 
MC analysis, other strategies-such as alkaline hydrolysis, 
ozonolysis, and laser desorption-have also been explored to 
release bound MCs [48].

Therefore, although derivatization with OPA or fluorescamine 
is a key step in fluorescence detection, quantifying total 
microcystins requires prior liberation of the bound forms, with 
the MMPB method being one of the most established approaches 
for this purpose.

This dual approach-functional and total fluorescence-facilitates 
comparison between different SPE sorbents such as C18, 
mixed-mode sorbents, or molecularly imprinted polymers 
(MIPs) [39,49]. High recovery combined with low bioactivity 
could indicate non-specific retention of interfering compounds, 
whereas high functional and total fluorescence would signify 
efficient and selective purification. These fluorescence-based 
strategies are especially valuable for method development, 
regulatory monitoring, and inter-laboratory validations, 
providing rapid, cost-effective, and field-adaptable alternatives 
when chromatographic or MS-based tools are unavailable. Table 
3 summarizes fluorescence-based strategies [50].
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especially valuable in decentralized or resource-limited 
monitoring scenarios, complementing both chromatographic and 
fluorescence-based workflows. While emerging sensor-based 
methods mark a promising future for field applications, solid-
phase extraction (SPE) remains the cornerstone of laboratory-
based purification protocols. The purification landscape has 
evolved through three distinct generations of SPE technologies, 
with a fourth generation on the horizon.

4.3. Generations of SPE Technologies
The purification landscape appears to have progressed through 
three distinct generations of solid-phase extraction (SPE) 
technologies [52]. The first generation relied on conventional C18 
reversed-phase cartridges. These are cost-effective and efficient 
for extracting non-polar congeners such as MC-LR, yet they 
exhibit matrix-dependent recovery. For instance, recovery rates 
may significantly decrease in the presence of humic substances 
or suspended particulates unless the pH is optimized to enhance 
analyte binding. Second-generation materials introduced 
hydrophilic-lipophilic balanced (HLB) sorbents, such as Oasis 
HLB. These offer enhanced retention for both polar and non-
polar microcystin congeners (e.g., MC-RR, MC-YR), improving 
extraction efficiency from complex environmental samples like 
bloom water or plant tissues. The third generation encompasses 
molecularly imprinted polymers (MIPs), tailored for high 
selectivity toward specific microcystins such as MC-LR. MIPs 
show excellent recovery (>90%) and reduced interference from 
organic debris. However, high production costs and limited 
commercial availability restrict their widespread use in routine 
monitoring.

This progressive shift from C18 to HLB to MIPs reflects an 
ongoing tradeoff between cost, selectivity, and robustness across 
diverse matrices. 

4.4. A Fourth Generation: Toward SPE Innovations
Ongoing research hints at the development of a fourth generation 
of SPE technologies, incorporating novel materials and hybrid 
platforms:
•	 Nanomaterials: The integration of nanoparticles and 

nanomaterials into SPE sorbents could significantly enhance 
the efficiency and selectivity of microcystin extraction. 
Materials such as magnetic nanoparticles functionalized for 
specific binding to microcystins could allow for faster and 
more efficient extractions, with the added benefit of easy 
separation using magnetic fields [53].

•	 Biomaterials: Another promising development could be 
the use of biomaterials, such as antibodies or aptamers 
specifically designed to bind microcystins [54,55]. These 
materials could provide highly specific and efficient 
extraction, potentially outperforming MIPs in terms of 
specificity and biocompatibility. Additionally, the use 
of biomaterials might offer the advantage of reusability, 
reducing costs in the long term.

•	 Hybrid SPE-LLE Systems: The combination of SPE 
with liquid-liquid extraction (LLE) could create a hybrid 
approach, enhancing the extraction of microcystins from 
complex matrices [48]. These hybrid systems could leverage 
the strengths of both techniques, allowing for simultaneous 
extraction and more efficient separation of microcystins 
from other compounds in the sample.

•	 Integrated Extraction and Detection Technologies: 
Future developments could also include integrating 
extraction systems with real-time detection technologies, 
such as sensors or microfluidic devices [56]. This would 
allow for faster, on-site analysis of microcystins, enabling 
real-time monitoring and decision-making in environmental 
or public health contexts.

•	 Sustainable and Low-Cost Materials: As the demand 
for more eco-friendly and cost-effective technologies 
grows, the fourth generation of SPE could also explore 
the use of sustainable materials, such as biodegradable 
polymers or natural sorbents [57]. These materials could 
maintain high selectivity and efficiency while offering a 
more environmentally friendly and economically accessible 
alternative to current options.

These developments are summarized visually in Figure 6, which 
compares the key attributes of the first three generations of SPE 
and outlines potential features of an emerging fourth generation.
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While solid-phase extraction has evolved significantly, its 
application in biological matrices such as tissues and supplements 
introduces additional complexities.

4.5. Challenges in Biological Matrices and Quantification 
Methods
Additionally, preliminary applications of SPE purification for 
microcystins extracted from biological matrices-such as fish 
tissues, mollusks, and even plant-derived dietary supplements-
have revealed further challenges [48]. Biological tissues 
introduce highly lipophilic interferences, demanding refined 
clean-up protocols and often necessitating the combination of 
SPE with gel permeation chromatography (GPC) to achieve 
acceptable purity levels. Chromatographic detection methods 
have significantly advanced, with LC-MS/MS now capable of 
quantifying multiple microcystin (MC) variants simultaneously 
at concentrations as low as 0.01 μg/L. For instance, a study 
developed an LC-MS/MS method for the simultaneous 
identification and quantification of cyanotoxins, including 
hydrophilic and lipophilic MC variants, demonstrating the 
capability to detect multiple congeners concurrently [58]. 
However, this gold standard approach faces several challenges: 
(1) Matrix effects: Co-eluting components can cause ion 
suppression or enhancement, affecting quantification accuracy. 
Studies have highlighted that matrix effects are a significant 
obstacle in LC-MS analysis, necessitating effective extraction 
and clean-up methods to maintain quantification precision [59].; 
(2) Limited availability of certified reference materials (CRMs): 
Although over 250 MC variants are known, analytical standards 
are available for only a small subset of these structural variants 
[60].; and High equipment costs: LC-MS/MS analysis requires 
sophisticated and expensive equipment, which can create 
analytical disparities between well-equipped laboratories and 
monitoring agencies in developing regions. Furthermore, studies 
emphasize that complex environmental matrices exacerbate 
ion suppression and enhancement effects in LC-MS analysis, 

underscoring the need for effective solid-phase extraction and 
sample clean-up to maintain quantification accuracy [59].

Magnetic solid-phase extraction (MSPE) techniques have 
shown promise in isolating microcystins from complex 
matrices. However, in samples with high organic loads-such as 
urban runoff or wastewater blooms-challenges arise. Incomplete 
magnetic separation and co-elution of humic substances can 
reduce both selectivity and overall recovery, underscoring the 
need for pre-cleaning or adapted washing steps to maintain high 
analytical performance.
Emerging biosensor technologies offer promising, field-
deployable alternatives. Aptamer-based sensors utilizing 
graphene oxide–gold nanocomposites have demonstrated 
detection limits as low as 0.05 μg/L within 10 minutes. These 
sensors leverage the high affinity and specificity of aptamers 
for microcystins, combined with the unique optical properties 
of nanomaterials, to achieve rapid and sensitive detection [61].

Additionally, CRISPR-Cas12a-based assays have shown 
exceptional specificity in preliminary trials. For instance, a 
study developed a CRISPR-Cas12a-based aptasensor platform 
for on-site and sensitive detection of microcystin-LR (MC-LR), 
achieving detection limits of approximately 0.003 μg/L using 
fluorescence methods and 0.001 μg/L with lateral flow assays. 
The assay demonstrated excellent selectivity and good recovery 
rates, indicating its applicability for real water sample analysis 
[62].

The development of biosensors, particularly those utilizing 
nanomaterials and electrochemical platforms, shows great 
promise, offering improved sensitivity, portability, and rapid 
response. However, challenges such as sensor stability, 
specificity, and integration with portable devices still need to be 
addressed [63]. Figure 7 exhibits a comparation between LC-
MS/MS and biosensors in terms of speed, cost, and portability.
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5. Storage Stability and Quality Control
Ensuring the chemical integrity and bioactivity of microcystins 
post-extraction is critical for accurate quantification, method 
validation, and reliable risk assessment. Although significant 
progress has been made in developing optimized extraction 
protocols, the stability of microcystins during storage remains a 
key challenge-particularly in multi-laboratory studies and long-
term monitoring programs.

5.1 Solvent Composition and Storage Conditions
Microcystins are most commonly stored in methanol-water 
mixtures (typically 50–80% v/v methanol). Studies have 
shown that storing microcystins at low temperatures (−20°C or 
lower) significantly reduces degradation rates [64]. However, 
methanol-based storage systems are not without challenges: 
prolonged exposure to pure methanol can promote slow 
oxidative degradation, especially in congeners with unsaturated 
side chains such as Adda.

In addition, light sensitivity is a critical factor affecting 
stability. Microcystin variants with the Adda moiety are 
especially susceptible to photodegradation [65], even when 
stored at low temperatures. Therefore, the use of amber vials or 
opaque containers is mandatory to prevent the loss of analyte 
integrity. For instance, a 2021 review critically examined 
the photodegradation of MC-LR in aquatic environments, 
highlighting the significant role of light in breaking down 
these toxins. The study emphasized that both natural sunlight 
and artificial UV irradiation can lead to substantial degradation 
of MC-LR, especially in the presence of photosensitizers and 
under certain environmental conditions [66].

5.2 Emerging Technologies for Microcystin Stabilization and 
Traceability
As the challenges related to the stability of microcystins during 
storage and analysis persist, researchers are increasingly 
turning to novel technologies to enhance stability and ensure 
the reliability of analytical results. In addition to the commonly 
used solvents and low-temperature storage discussed in 5.1, 
cyclodextrin-based complexes have emerged as promising 
strategies for stabilizing microcystins, improving their 
resistance to degradation processes such as photodegradation 
and oxidation. Cyclodextrins, particularly γ-CD, have been 
shown to form stable inclusion complexes with microcystins, 
effectively shielding reactive moieties like the Adda side chain, 
thus reducing degradation and improving long-term stability 
[67].

Moreover, digital solutions for traceability are gaining attention. 
The integration of Laboratory Information Management 
Systems (LIMS) with blockchain-based audit trails has been 
proposed to ensure secure and transparent documentation 
of sample handling, storage conditions, and quality control 
measures throughout the analytical process. Such systems are 
particularly valuable in regulatory contexts, where the integrity 
of cyanotoxin monitoring data is critical for public health 
decisions. These innovations reflect a growing recognition 
that ensuring microcystin data quality is not only a matter of 

chemical stability but also of systems integration and traceability 
infrastructure.

5.3 Quality Control and Reference Standards in Microcystin 
Analysis
Maintaining analytical reliability in the extraction and 
quantification of microcystins is essential for reproducibility 
and interlaboratory comparison, especially in environmental 
and toxicological studies. Over the past two decades (2005–
2025), several critical practices and observations have emerged 
to support quality control (QC), particularly in the context of 
extraction efficiency, method validation, and standardization.

5.3.1 Analytical Controls in Extraction and Quantification
Validation of extraction efficiency remains a key step, particularly 
due to the complex and variable nature of environmental 
matrices. Recovery rates can be highly matrix-dependent, and 
multiple studies have emphasized the importance of sample pre-
treatment steps, such as filtration and centrifugation, to improve 
consistency [19,20]. The presence of extracellular polymeric 
substances (EPS), pigments, and organic debris can interfere 
with both extraction and quantification [25].

Standard procedures using 75% acidified methanol with 
sonication, as described in continue to be widely used, especially 
in the extraction of MC-LR and MC-RR [20]. Nevertheless, 
interferences such as pigment co-extraction or partial adsorption 
of microcystins onto filter membranes necessitate stringent QA 
practices [22].

5.3.2 Reference Standards and Stability
Commercially available standards for MC-LR, MC-RR, and 
MC-YR are used in most laboratories for calibration and 
quantification. However, the limited availability of certified 
standards for the broad diversity of known congeners (>250) 
remains a persistent challenge [23]. In the absence of reference 
materials for less common variants, many laboratories rely on 
in-house standards or analogues characterized using UV-Vis and 
LC-MS/MS.

Storage stability also influences analytical accuracy. Studies 
demonstrated that methanol-water mixtures stored at −20°C 
or below in amber vials significantly reduce degradation 
[20,21]. The Adda moiety, essential for toxicity and detection, 
is particularly susceptible to oxidation and photolysis, requiring 
strict light and temperature control [16].

5.3.3 Interlaboratory Comparison and Method Harmonization
Interlaboratory comparisons remain a cornerstone for validating 
extraction and quantification methods. A past study showed 
significant variability in microcystin recovery across labs 
when different solvents and disruption techniques were applied 
[18]. This has led to efforts toward protocol standardization, 
particularly in studies using solid-phase extraction (SPE) 
followed by HPLC or LC-MS/MS detection [38,39].

Advances such as magnetic solid-phase extraction (MSPE) 
have offered more reproducible and rapid workflows, although 
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their performance can still vary depending on the matrix and 
magnetic nanoparticle surface chemistry [39]. These advances 
call for method validation not only through internal replicates 
but also via external benchmarks.

5.3.4 Key Recommendations for QA/QC
•	 Always include procedural blanks and matrix spikes for 

recovery assessment [29].
•	 Use of isotopically labeled analogues where possible for 

internal calibration.
•	 Filtered samples should be assessed for adsorption loss by 

testing different membrane materials [22].
•	 Avoid repeated freeze-thaw cycles and store extracts in the 

dark at sub-zero temperatures.
•	 Participate in interlaboratory comparison exercises when 

available to benchmark protocol performance.

As analytical techniques advance and novel congeners are 
discovered, there is a continued need for updated certified 
reference materials and harmonized protocols that account for 
both extraction and detection variability. Incorporating these 
QA/QC principles is fundamental to improving the robustness 
of microcystin analysis.

6. Conclusions
Microcystins, as secondary metabolites of Microcystis 
aeruginosa, continue to pose significant ecological, toxicological, 
and analytical challenges. This review has highlighted the 
complexity of their biosynthesis, the diversity of their congeners, 
and the interplay between environmental conditions and toxin 
production. As cyanobacterial blooms become increasingly 
prevalent due to anthropogenic eutrophication and climate 
change, microcystins are of growing concern to public health, 
freshwater ecosystems, and regulatory authorities.

Significant progress has been made in extraction, purification, 
and detection, shifting from conventional solvent-based 
techniques to more environmentally sustainable approaches, 
including microwave-assisted, ultrasound-assisted, and 
pressurized extractions. Likewise, analytical techniques have 
advanced, especially with the incorporation of LC-MS/MS and 
biosensor technologies, enabling high-sensitivity detection of 
microcystin variants across diverse matrices.
Over the past 20 years, despite notable technological and 
methodological progress, several critical research gaps have 
persisted and continue to hinder comprehensive risk assessment, 
monitoring, and application:
•	 Lack of standardized methodologies across laboratories 

limits the comparability of results and hinders global 
surveillance efforts.

•	 Incomplete understanding of environmental degradation 
pathways for various microcystin congeners under dynamic 
physicochemical and biological conditions.

•	 Limited mechanistic studies on chronic and sub-lethal 
effects in aquatic and terrestrial organisms, impeding 
integration into ecological risk models.

•	 The biotechnological application of microcystins remains 
constrained by microcystin toxicity; innovations in delivery, 

molecular engineering, and biosafety are urgently required.
•	 Systems biology approaches (genomics, transcriptomics, 

metabolomics) remain underutilized for elucidating 
biosynthetic regulation and ecological roles.

Addressing these gaps requires a multidisciplinary approach, 
involving environmental sciences, toxicology, analytical 
chemistry, molecular biology, and engineering. Priorities include 
long-term ecological studies, certified reference materials, 
and harmonization of detection protocols. Furthermore, the 
integration of remote sensing, climate modeling, and predictive 
tools will be key for anticipating and mitigating bloom-related 
risks.
Ultimately, managing microcystins demands not only scientific 
innovation but also policy frameworks and international 
cooperation. Coordinated efforts will be essential to harness 
their biotechnological potential while safeguarding ecosystems 
and public health.
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