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sample preparation methods used in the detection and 
quantification of cyanotoxins are also addressed. It 
was found that the use of passive samplers is a con-
venient and a cost-effective method of identifying the 
presence of these toxins in water at concentrations in 
the order of µg/L and ng/L. Moreover, studying the 
by-products generated from the degradation of natu-
ral toxins in aquatic environments and evaluating 
their possible adverse effects is crucial in terms of the 
management and control of cyanobacteria and cyano-
toxin pollution in water.

Keywords Cyanobacteria · Cyanotoxins · 
Monitoring · Water resource quality · Public health

1 Introduction

Cyanobacteria, also called blue-green algae, are 
prokaryotic, unicellular, photosynthetic organisms 
present in various aquatic ecosystems (Gaysina et al., 
2019). They are found in lentic environments, in both 
fresh and brackish water, including reservoirs, lakes, 
lagoons and coastal water. They are present particu-
larly in tropical areas, where their growth is promoted 
by high temperatures and abundance of nutrients 
(O’Neil et  al., 2012). Consequently, climate change, 
together with the eutrophication of water bodies, has 
led to a disproportionate increase in harmful cyano-
bacterial algal blooms (cyanoHAB) around the globe 
(Paerl & Otten, 2013; Wells et al., 2015). This poses 
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and, consequently, the production of cyanotoxins, 
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Therefore, the risk associated with the presence of 
these microorganisms and their toxins has become a 
matter of great concern. On the other hand, conven-
tional processes for water treatment are inefficient for 
their elimination and/or degradation, so their pres-
ence in water persists at trace and ultra-trace con-
centrations. In this regard, it is important to develop 
alternatives to monitor cyanotoxins and allow their 
detection at low levels in water supply and purifica-
tion systems, in order to ensure water of good qual-
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a risk to human health, especially when these water 
bodies are used for irrigation, recreation or supply-
ing the population without efficient prior removal 
treatment being carried out (Paerl et al., 2018; Sedan 
& Andrinolo, 2011; Singh & Babele, 2020). In fact, 
conventional purification processes are inefficient 
for their elimination (Dehghani, 2016); since they 
can involve the retention of cyanobacterial cells, in 
general terms, but not the effective degradation of 
cyanotoxins (He et al., 2016). On the other hand, the 
use of disinfectants, such as chlorine, compromises 
the integrity of the cells without guaranteeing their 
elimination, causing cell lysis and, consequently, the 
release of intracellular toxins (Merel, et  al., 2013a). 
Furthermore, conventional disinfection processes 
can generate disinfection by-products that represent a 
serious threat to human health as they are toxic and 
difficult to be degraded after their formation (Wang 
et al., 2021). For this reason, several physical, chemi-
cal and biological processes have currently been pro-
posed to control their proliferation in water bodies 
(Cobo, 2015). These include nutrient load reduction, 
algaecides, sediment coating agents, activated car-
bon adsorption, ultrafiltration, wetlands, aeration or 
mixing, and ultrasound (Choi et al., 2022; Liu et al., 
2017; Purcell et  al., 2012; Zhang et  al., 2021). It is 
important to note that, even though these techniques 
work to some degree, each one has certain limita-
tions. However, ultrasound has recently attracted 
attention due to its simple operation, low impact on 
ecosystems (Yao et al., 2020) and, specifically for its 
efficiency in the cyanobacteria control (Munoz et al., 
2021; Park et al., 2017).

The biosynthesis of cyanotoxins is a complex 
process that is influenced by environmental condi-
tions and varies according to the strains present. 
Not all genera of cyanobacteria produce toxins, 
making it difficult to implement predictive models to 
identify relationships between toxin production and 
environmental and water quality factors (Christensen 
et al., 2021). Additionally, the level of toxicity of a 
sample containing a mixture of these toxins depends 
on the presence of variants that have specific toxicity 
mechanisms in vertebrates (Huisman et  al., 2018). 
Hepatotoxins, for instance, affect the liver, and are 
considered to be probably the most common cyano-
toxins. They represent a group of structurally differ-
ent compounds that includes more than 90 micro-
cystin (MC) variants, 9 nodularin (NOD) variants, 

and 3 cylindrospermopsin (CYN) variants (Merel 
et al., 2013b). Globally, the MC and NOD families 
are the cyanobacterial toxins most frequently found 
in fresh and brackish water blooms. MC are com-
monly produced by Microcystis spp., Oscillatoria 
spp., Nostoc spp., Anabaena spp. and Anabaenopsis 
spp.; while NOD are produced mainly by Nodularia 
spumigena in brackish waters and CYN, by Cylin‑
drospermopsis raciborskii in freshwater (Kaur, 
2019). Both MC and NOD are water-soluble mol-
ecules (Merel et al., 2010) and their cyclic structure 
provides them with resistance to physical and chem-
ical factors (Malik et al., 2020). On the other hand, 
neurotoxins affect the nervous system and include 
20 saxitoxin (STX) variants and 6 anatoxin (ANTX) 
variants (Merel et al., 2013b). Finally, dermatotox-
ins induce irritation of the skin and mucous mem-
branes, as well as allergic reactions, and include 
apliasiatoxin (APTX) and lingbiatoxin (LTX), 
which as yet have been detected only in seawater 
(Merel et al., 2013a).

Microcystin-LR (MC-LR) is the most toxic and 
widely distributed variant (Caramés, 2016). In addi-
tion to its high toxicity, its bioaccumulation capac-
ity (Umehara et  al., 2017) and biomagnification 
(Crettaz-Minaglia et al., 2017) should be highlighted. 
For drinking water, the World Health Organization 
(WHO) has recommended a provisional guideline 
value of 1  μg/L total MC-LR, suggesting a toler-
able daily MC-LR intake of 0.04 μg/kg body weight 
(WHO, 2011). Nevertheless, concentrations in water 
bodies with potentially toxic strains sometimes 
exceed this value. Even stricter limits (0.1–0.3 μg/L) 
have been implemented by some regulatory agen-
cies when adopting their own rules on the safety of 
drinking water based on WHO guidelines; this is 
the case of the United States Environmental Protec-
tion Agency (U.S. EPA) who adopted that limit for 
sensitive population and children under 6  years old 
(Buratti et  al., 2017). Long-term compliance with 
these limits requires the application of a monitoring 
system for cyanobacteria and cyanotoxins, in order 
to optimize and facilitate their effective removal dur-
ing the drinking water treatment operation (He et al., 
2016; Westrick et  al., 2010). Therefore, there is an 
ongoing effort to develop rapid, simple, sensitive 
and cost-effective methods that allow time-integrated 
monitoring of cyanobacteria and their toxins (Gaget 
et al., 2017a; Marcé et al., 2016).
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During the last decades, the presence of cyano-
HAB has increased in extent and frequency world-
wide (Brooks et al., 2016), largely due to the lack of 
preventive actions aimed at reducing discharges to 
water sources, and obviously, the impact of global 
warming, which favor optimal conditions for the 
growth of these microorganisms (Paerl et  al., 2016). 
A pronounced increase has been found in Asia and 
Africa, mainly in developing countries, given the 
intensification of human activities and dependence 
on agricultural fertilizers (Hou et  al., 2022). In this 
regard, a recent study carried out in China system-
atically analyzed the reports of MC presence in lakes 
and reservoirs throughout the country and pointed 
out the need to strengthen the monitoring and con-
trol of MC in water, since they are detected in 100% 
from 59 lakes and 84% from 37 reservoirs (Wei et al., 
2022). Colombia is not the exception. The presence 
of cyanobacterial blooms and MC have recently been 
recurrently identified in different reservoirs in the 
country (Caly et  al., 2022; León & Peñuela, 2019; 
Loaiza-González et  al., 2021; Palacio Gómez et  al., 
2019). Nevertheless, the presence of these substances 
in water is not yet addressed by the Colombian envi-
ronmental legislation (Munoz et  al., 2021), since 
there is not a systematic record of cyanobacterial 
blooms, despite the great diversity of aquatic ecosys-
tems in the country (Salomón et  al., 2020), leaving 
the risk due to the presence of cyanotoxins unnoticed.

Given the situation described above, in this work, 
techniques for monitoring cyanobacterial toxins in 
water reservoirs are described, addressing different 
alternatives that have been applied to date. Among 
these, the use of passive samplers is proposed as a 
convenient and profitable method for their detection 
and quantification at trace and ultra-trace concen-
trations. The objective of detecting and monitoring 
cyanotoxins is to allow the implementation of preven-
tion and control strategies, to reduce their presence 
and manage the risk they represent to human and eco-
system health.

2  Cyanotoxins: Characteristics and Adverse 
Effects

Cyanobacteria are the oldest photosynthetic gram-
negative microorganisms that exist in fresh, brack-
ish and marine water, as well as in terrestrial 

environments (Kulabhusan & Campbell, 2021). They 
come in various forms, unicellular, colonial or multi-
cellular filamentous, and inhabit all possible environ-
ments, even under precarious conditions of light and 
nutrients (Vidal et al., 2021). Microcystis spp. is one 
of the most widespread cyanobacteria in freshwater 
ecosystems. It survives winter season in the benthic 
zone and rises to the epilimnion during the summer, 
where it accumulates and forms blooms on the water 
surface (Caramés, 2016).

An algal bloom is a phenomenon in which bio-
mass is produced significantly during a short period 
of time, being simultaneously linked to a decrease in 
phytoplankton diversity (You et al., 2022). Apart from 
the production of toxins, an algal bloom increases 
the turbidity of water and can locally increase water 
temperature. Moreover, when dying, blooms increase 
the release of harmful substances and the amount 
of organic matter, whose decomposition leads to 
anoxia and hypoxia situations (Nowicka-Krawczyk 
et al., 2022). Even though the potential risk of many 
cyanobacterial metabolites remains largely unknown 
(Janssen, 2019), the presence of cyanobacteria in 
reservoirs is so common that has even developed a 
series of ecological mechanisms to deal with biotic 
and abiotic stress (Hu & Rzymski, 2019). Phyto-
plankton lives a few days; nevertheless, when blooms 
are formed, they can last for weeks, threatening eco-
logical stability and the integrity of aquatic ecosys-
tems. In this regard, the life cycle of cyanobacteria 
plays an important role. Two-stages can be consid-
ered in the life cycle, one growing and nitrogen-fixing 
stage and one stage that combines the resting, germi-
nating and vegetative stages (Hense & Beckmann, 
2010). Benthic resting stages of phytoplankton may 
contain a large amount of biomass, which can con-
tribute significantly to bloom generation, as well as 
their magnitude and distribution patterns (Kremp, 
2000). Therefore, life cycle processes can control 
timing and duration of blooms and, subsequently, the 
species succession and dominance.

These algal blooms are complex communities. 
With them, toxic and non-toxic strains coexist and 
can only be distinguished by genetic methods. These 
methods allow the identification of toxigenic cyano-
bacteria within a bloom that simultaneously contain 
several of the most widespread cyanotoxins (Casero 
et al., 2019). Such mixtures of cyanotoxins are com-
mon in freshwater bodies and could have antagonistic 
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and synergistic effects on organisms (Christensen 
et  al., 2021). Among these, the hepatotoxic and 
tumor-promoting MC are the most common, and are 
considered one of the most dangerous groups. Among 
the MC congeners, MC-LR is the most toxic and 
abundant. For this reason, it has been widely studied, 
followed by MC-RR and MC-YR (Li et  al., 2017). 
These are a family of cyclic heptapeptide compounds 
formed by a common structure of 5 fixed amino acids 
and another 2 changing amino acids, which charac-
terize each variant. To date, more than 100 struc-
tural variants have been characterized and are named 
according to the amino acids incorporated at posi-
tions 2 and 4; MC-LR, for example, contains leucine 
(L) at position 2 and arginine (R) at position 4.

Globally, the accumulation of toxins is due to the 
massive proliferation of cyanoHAB, which have a 
negative impact on the environment (Pham & Utsumi, 
2018). Although the majority of harmful cyanobacte-
rial products are confined within cells, they are even-
tually released into the surrounding water environ-
ment after cell death, whether naturally or artificially 
induced. According to the WHO, human exposure to 
cyanobacteria and their biologically active products 
has effects of varying severity (WHO, 2011). The 
specific effects depend on the type of cyanotoxin, 
amount and route of exposure (Trevino-Garrison 
et  al., 2015). The last of these can be direct inges-
tion, dermal contact or dialysis. By inhibiting pro-
tein phosphatases and generating oxidative stress in 
eukaryotic cells (Su et al., 2020), MC seriously poi-
son various animals and plants, and endanger human 
life, especially through drinking water supply and /or 
accumulation in the food chain (Li et al., 2017).

Recently, Feng et  al. (2020) confirmed that low-
dose MC-LR exposure can promote the prolifera-
tion of human hepatocellular carcinoma cells. In 
this regard, for most chemicals that may be present 
in water, including cyanotoxins, a threshold dose is 
established to represent an estimate of the amount 
that can be ingested daily without an appreciable risk 
to health. For MC-LR, this threshold has a value of 
0.04  μg/kg, as previously indicated (WHO, 2011). 
However, apart from its chronicity, many terrestrial 
and aquatic animal deaths, including in humans, have 
been reported due to the occurrence of acute exposure 
to MC.

Another critical scenario of exposure occurs 
through irrigation or consumption systems supplied 

by natural water bodies such as ponds, reservoirs and 
lakes in which the cyanobacterial toxins are present. 
These may affect the growth and development of 
crops, or may contaminate drinking water or animals 
or plants eaten by humans, thereby entering the body 
through the digestive tract and causing harm to health 
or even death through diarrhea, nerve paralysis, liver 
damage and poisoning (Zhou et  al., 2021). Such an 
emergency occurred in 2014 in Toledo, OH (Lake 
Erie, USA) causing authorities to shut down the city’s 
water supply due to the threat to public health posed 
by elevated MC levels (Davis et al., 2019).

Given the risks to human health and events 
described above, the monitoring of cyanotoxins in 
water bodies have become challenge for a long time.

3  Sampling of Natural Water Bodies 
with the Presence of Cyanotoxins

In Colombia, in 2011, the National Institute of Health 
(INS, by its acronym in Spanish) published a manual 
for the collection, preservation and transport of sam-
ples in municipal distribution systems intended for 
the human consumption. The purpose of this is to 
evaluate the quality of water supplied to the popula-
tion, in compliance with Decree 1575 of 2007 and its 
complementary resolutions (INS, 2011). Neverthe-
less, while mention is made of multiple compounds 
with recognized adverse effects on human health, 
such as heavy metals, pesticides, bacteria, parasites, 
viruses, and even emerging contaminants, cyanobac-
teria and their toxic metabolites are completed omit-
ted, despite their negative impact on humans, animals 
and ecosystems, and the possibility of sampling these 
in natural water through some existing methodologies 
(Fig. 1).

3.1  Traditional Cyanotoxin Sampling Techniques

Traditional monitoring programs for cyanobacteria 
and their toxins are based on the collection of specific 
samples at specific times. In these programs, the sam-
pling strategy significantly influences the selection 
of sampling points at an adequate frequency, both 
spatially and temporally (Pobel et al., 2011). Surface 
water samples are commonly collected manually. For 
this purpose, it is commonly recommended to use 
amber glass containers, in order to avoid possible 
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adsorption on plastic bottles (Kamp et al., 2016) and 
to minimize exposure to sunlight (Kurtz et al., 2021), 
which could otherwise trigger photochemical reac-
tions that could alter the physicochemical conditions 
of the sample. Therefore, adequate collection, pres-
ervation and storage of the samples are essential in 
order to guarantee the accuracy of the analysis carried 
out.

The determination of phytoplankton establishes 
the quality and level of eutrophication of the water 
bodies. In general, surface water samples are col-
lected at depths between 0.3 and 1 m, while biomass 
samples are generally taken from the surface using 
phytoplankton nets (IDEAM & INVEMAR, 2017). 
Therefore, the sample can be obtained using two 
mechanisms: a Kemmerer bottle (point sampling) or a 
20 µm conical net (volumetric sampling) (ICONTEC, 
2016, 2020). The sampling of phytoplanktonic algae 
can be quantitative or qualitative. In the first case, an 
approximate volume of water of 250 mL is collected 
and a preservative is added to this; the sample should 
not be filtered, since it is intended to express the bio-
mass of algae in cells per milliliter or cell density 
(ICONTEC, 2018). For qualitative samples, a record 
of the morphotypes present in the water body is car-
ried out, enabling the identification of the presence 
of potentially toxic organisms, although the organ-
isms are only reported as presence/absence (IDEAM 
& INVEMAR, 2017). In this regard, the greater the 
number of trawls, the greater the representation of the 
species present.

Subsequently, to carry out the analysis of extra-
cellular cyanotoxins present in the water bodies, the 
samples are filtered with a pore size of 0.45  µm to 
separate the biomass that contains intracellular tox-
ins. The samples must be refrigerated in dark condi-
tions in order to avoid the degradation of the toxins. 
During this process, it is essential not to exceed the 
minimum storage time of 24 h. When prolonged stor-
age is required, samples can be frozen at a tempera-
ture of -20 °C (ICONTEC, 2018). However, freezing 

of samples can release toxins from damaged cells. 
Storage time should not exceed 6 months. Addition-
ally, it is recommended to add conservation reagents 
to the sampling containers, using trizma as a buffer 
(pH equal to 7), 2-chloroacetamide as antimicrobial, 
and ethylenediaminetetraacetic acid to inhibit the 
binding of analytes to metals (EPA/600/R-17 /344).

It should be noted that these active/random sam-
pling techniques have several drawbacks, such as the 
need to sample large volumes to recover a sufficient 
mass of toxins. Additionally, it is necessary to carry 
out a lengthy cleaning process before performing the 
instrumental analyzes for the detection and quan-
tification of cyanotoxins in the water samples taken 
(León & Peñuela, 2019). Furthermore, MC concen-
trations can vary over time, and episodes of high con-
centration peaks can be missed in the traditional mon-
itoring scheme. An increase in sampling frequency 
or the installation of automatic sampling systems 
may provide a solution, but this can often be difficult, 
especially in remote areas (Kohoutek et  al., 2008). 
Therefore, it is necessary to incorporate sensitive and 
representative alternatives such as passive sampling.

3.2  Passive Cyanotoxin Sampling Techniques

Passive sampling is a technique that can be used 
effectively for sensitive and integrated monitoring of 
chemicals in the aquatic environment (Kudela, 2017). 
It offers an attractive alternative to traditional sam-
pling methods, as it helps avoid many of the prob-
lems described above. This technique has recently 
been used to study the occurrence, seasonal dynam-
ics, and spatial distribution of MC in the environment 
(Wang et al., 2022; Wiltsie et al., 2018). It has been 
shown that passive samplers based on polar organic 
chemical integrative sampler (POCIS), in addition to 
being used to monitor certain anthropogenic pollut-
ants, can sequester MC in the environment, allowing 
their time-weighted average (TWA) concentrations to 
be estimated over an extended period of time ranging 

Fig. 1  Different meth-
odologies for monitoring 
cyanotoxins
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from several days to several weeks (Kohoutek et al., 
2008, 2010). POCIS consist of a solid sequestra-
tion medium (sorbent) enclosed within a hydrophilic 
microporous membrane. The membrane may be semi-
permeable, allowing chemicals of interest to pass 
through and accumulate on the sorbent, while exclud-
ing particulate and biological matter and other inter-
fering substances. POCIS were originally designed to 
mimic the exposure of aquatic organisms to dissolved 
chemicals (Alvarez et al., 2004).

The first application of passive samplers for MC 
was carried out at pilot scale by Kohoutek et  al. 
(2008). They demonstrated the suitability of this 
tool for monitoring cyanotoxins in water bodies, 
using commercially available POCIS passive sam-
plers, which effectively accumulated MC after 7 d 
of field exposure. To find a more efficient, sensi-
tive and selective configuration for MC sequestra-
tion, Kohoutek et  al. (2008) conducted experiments 
at laboratory scale where they evaluated 4 different 
porous membranes (polycarbonate, polyester, poly-
ethersulfone and nylon) and 2 sorbents (Oasis HLB 
and Bondesil-LMS), exposing samplers of different 
configurations to MC (MC-RR and MC-LR) for 14 
d under stable conditions. They observed differences 
in the sampling rates and amount of MC accumulated 
depending on the sampler configurations (membranes 
and sorbent materials). Finally, samplers built with 
the polycarbonate membrane and Oasis HLB sorbent 
(sorbent loading, 2.75 mg  cm−2) provided the highest 
sampling rates (0.022 L  d−1 for MC-RR and 0.017 L 
 d−1 for MC-LR) (Kohoutek et al., 2008).

Kohoutek et al. (2010) optimized the design of the 
samplers, using the physical compression method to 
seal the membranes instead of other approaches that 
use adhesives, heat, etc. This design ensured ideal 
stretching of the membrane and uniform distribu-
tion of sorbent material, as well as providing a very 
good seal. The polyethylene support was made of 
hollow screws and nuts and had dimensions of 30.0 
and 40.4 mm internal and external diameter, respec-
tively. This allowed the use of 47 or 90  mm com-
mercially available membranes. The total exchange 
surface area of the membrane (counting both sides) 
was 14.1  cm2 (Kohoutek et al., 2010). Subsequently, 
they validated the sampler configuration, obtaining 
the MC sampling rates for two different exposure sce-
narios  (Rs = L  d−1 in static conditions and in turbulent 
conditions). The  Rs values are used to calculate the 

time-weighted average concentrations in natural water 
bodies. The calibration of the passive sampler carried 
out under variable conditions and different concentra-
tions of MC revealed linearity of the sampling up to 
4 weeks. This time is considered sufficient, concern-
ing the high temporal and spatial variability of the 
cyanobacterial blooms (Kohoutek et al., 2010).

3.2.1  Long‑Term Sampling and Linear Absorption 
Period Estimation for Cyanotoxins

The operating time profile of passive sampling 
devices is gradual and consists of three regimes. The 
first of these is the kinetic regime, where the absorp-
tion of target compounds in the sampler is linear. The 
second is the intermediate phase, which is character-
ized by a decrease in the sampling rate and curvilin-
ear absorption kinetics. The third is known as the near 
equilibrium phase, where the sampler reaches capac-
ity and the sampling rate is close to zero. A first-order 
model is often used to fit experimental measure-
ments. The absorption process can be generalized and 
described by Eq. (1).

where Csample(t) is the concentration of the compound 
of interest in the sampler as a function of time (t) , 
Cmedium refers to the concentration of the compound in 
the environment, and k1 and k2 are the absorption and 
elimination rate constants, respectively.

During the linear absorption regime (relatively 
short sampling periods),Cmedium can be deduced from 
the measured amount of target compound in the pas-
sive sampler ( Csample(t) ) as a function of the sampling 
rate  (Rs); that is, the total volume of medium released 
from analyte per day. The linear absorption period of 
MC obtained by Kohoutek et  al. (2008) of approxi-
mately 28 d, seems to be shorter than that described 
by Alvarez et al. (2004) who studied passive sampling 
of polar pharmaceuticals and pesticides. This could 
be explained by the designed sampler having a higher 
sampling rate than commercial POCIS, resulting in 
a lower effective thickness of the sample. This was 
achieved by using a smaller load of the solid sorb-
ent (i.e., a lower ratio of sorbent mass per surface 
area) leading to a higher rate of diffusion and a faster 
response of the passive sampler to concentration of 
contaminant in the medium (Kohoutek et al., 2008).

(1)Csample(t) = Cmedium ×
k1

k2
× (1 − e−k2×t)
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3.2.2  Monitoring of Cyanotoxins in Continental 
Water

A relevant aspect of passive water samplers is that, by 
design, they can only measure MC in dissolved phase, 
which is considerably lower during cyanobacteria 
bloom periods (Wang et al., 2022). Wang et al. (2022) 
jointly implemented two different passive samplers. A 
first device was developed from organic diffusive gra-
dients in thin films (o-DGT) based on diffusive poly-
acrylamide gel and hydrophilic-lipophilic balance 
(HLB) junction gel for MC in water bodies (Yao et al., 
2019). Additionally, Wang et  al. (2022) developed a 
solid phase adsorption toxin tracking (SPATT) device 
to estimate MC levels in three lakes in California, 
USA. Weighted average MC concentrations in time 
by o-DGT were lower than random water samples, 
probably because active sampling techniques measure 
both dissolved phases and MC contained within the 
cyanobacteria. Total concentrations of MC were up 
to 10.9 μg  L−1, with MC-LR being the main variant, 
with a maximum concentration of 2.74 μg  L−1. It is 
noteworthy that o-DGT showed a higher correlation 
with manual sampling compared to that evidenced 
with the use of SPATT. Both o-DGT and random 
samples gave comparable results for three MC vari-
ants (-LR, -RR and -YR) at levels below 0.1 μg  L−1. 
The mass accumulation of MC was linear over 10 d 
 (R2 ≥ 0.98); while sampling rates (2.68–3.22 mL d −1) 
and diffusion coefficients (0.90–1.08 ×  10−6  cm2   s−1) 
of the three MC were obtained at 20 °C (Wang et al., 
2022). According to Nyoni et  al. (2017) the accu-
mulation rate of most of the tested MC compounds 
depends on the temperature and flow rate.

Meanwhile, Jaša et  al. (2019) used calibrated 
adsorption-based passive samplers (Fig.  2) to moni-
tor MC over time, at three large-scale potable water 
treatment plants (PWTP) in the Czech Republic dur-
ing two upwelling seasons, in parallel with traditional 
discrete sampling. Concentrations estimated by pas-
sive samplers were correlated with measurements of 
extracellular MC from discrete sampling of drinking 
water reservoirs. Notably, extracellular MC repre-
sent the fraction of toxins available for sequestration 
by passive sampling (Kohoutek et  al., 2008, 2010), 
while discrete sampling involves the concentrations 
of extracellular and total MC. MC were detected in 
the epilimnion water samples at concentrations up to 
14 μg/L in raw water, but their levels in PWTP were 

less than 1 μg/L (Jaša et al., 2019), which is the value 
established by the WHO for drinking water, as indi-
cated above (WHO, 2011).

Under normal ecophysiological conditions, most 
MC are present within cyanobacterial cells, and the 
fraction of extracellular toxins in the soluble phase 
generally represents less than 30% of the total MC 
(Buratti et al., 2017), which is an important factor for 
their elimination in drinking water treatment. Con-
ventional treatment technologies, such as coagula-
tion/filtration, remove cyanobacteria and intracellu-
lar toxins, but have limited efficacy for extracellular 
toxins (He et al., 2016; Merel et al., 2013a). As such, 
it is common to detect MC in the final treated efflu-
ent distributed to the population. That situation was 
detected by Jaša et  al. (2019); however, they found 
that the concentrations of MC in the effluents of the 
PWAP were below the limit of quantification of dis-
crete sampling (< 25 ng/L).

Passive samplers, in combination with LC–MS/MS 
analysis, provide excellent sensitivity in the detection 
of time-weighted average concentrations of MC in 
the range 20–200 pg/L after 14 d. Thus, passive sam-
plers adequately reflect the spatio-temporal variations 
of the MC, their removal efficiency in the POWs and 
the concentrations of toxins in the treated water (Jaša 
et al., 2019). In this regard, this type of samplers can 
be used for the evaluation and management of health 
risks of MC during the operation of PWTP.

Similarly, and problematically, wastewater treat-
ment plants (WWTP) are prone to the proliferation of 
cyanobacterial species, which are favored by the long 
residence times of the water and the nutrient-rich 

Fig. 2  Use of passive samplers to monitor microcystins (MC) 
in the reservoir and in the influent and effluent of the water 
treatment plant
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environments (Romanis et  al., 2021). Dense blooms 
often interrupt or hamper treatment processes due 
to the production of extracellular polymeric sub-
stances, which hinder microleakage. In this situation, 
cyanoHAB also represent an important challenge for 
the authorities since the released toxins can affect 
humans and animals exposed to contaminated water 
and, similarly, the implementation of special treat-
ments is required to eliminate residual toxic cells and 
soluble toxins (Sukenik & Kaplan, 2021). Therefore, 
the distribution of wastewater contaminated with 
cyanobacteria and their toxins represents a significant 
risk (Romanis et al., 2021).

3.2.3  Monitoring of Cyanotoxins in Coastal Water

During the last decade, there has been an increase 
in the commercial cultivation and exploitation of 
shellfish, and contamination of these with biotoxins 
from microalgae is a public health problem world-
wide. Therefore, MacKenzie et  al. (2004) developed 
a simple and sensitive in situ method to monitor the 
occurrence of toxic algal blooms and shellfish con-
tamination events. These authors introduced the idea 
of detecting various algal toxins by passively adsorb-
ing them directly from seawater using solid phase 

adsorbents. These toxin tracking devices, SPATT, 
consist of sewn polyester mesh bags containing acti-
vated polystyrenedivinylbenzene resin, and are capa-
ble of adsorbing lipophilic algae toxins dissolved in 
seawater. Thus, SPATT bags provide a more conveni-
ent means of time-averaged sampling before or during 
algal blooms than shellfish or phytoplankton analysis, 
which is much more time-consuming and difficult to 
extract (MacKenzie et al., 2004).

Rundberget et  al. (2009) developed passive sam-
pling discs (Fig. 3) according to the SPATT method 
of MacKenzie et  al. (2004), for application in field 
studies to monitor the dynamics of seaweed toxins 
in  situ during mixed algal blooms in Norway. The 
authors obtained a convenient and cost-effective 
method (Rundberget et al., 2009). Likewise, Zendong 
et  al. (2016) employed SPATT passive samplers in 
their study and were able to demonstrate the presence 
of algal toxins in Nigerian coastal water, despite the 
unfavorable environmental conditions caused by low 
salinities.

Assays of various adsorption substrates have been 
carried out to select the best candidates for the lipo-
philic marine biotoxin groups; however, it is neces-
sary to study the selection of adequate substrates 
to retain the solubility in water of the most polar 

Fig. 3  Left: Fully assembled passive sampling disk (e) and 
its components: (a) 100 μm nylon mesh; (b) HP-20 resin; (c) 
inner and (d) outer rings of a 75  mm diameter embroidery 

ring. Right: (f) SPATT bags and discs with various resins con-
tained within an 80  μm polyester mesh and (g) SPATT bags 
deployed
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compounds, such as domoic acid and saxitoxins 
(MacKenzie, 2010). Notably, this method provides 
reliable, sensitive, and time-integrated sampling 
to monitor the occurrence of toxic blooms, and has 
several significant advantages over current phyto-
plankton and shellfish monitoring methods, including 
simplicity and low cost. Likewise, the matrices are 
relatively clean, which simplifies the extraction pro-
cess and provides information on the dynamics of the 
toxins (Picardo et al., 2019).

Additionally, Lance et al. (2021) analyzed intracel-
lular (in phytoplankton) and extracellular (dissolved 
in water) MC over a two-year period at five stations 
along a river near the coast of Brittany, France, using 
two types of samplers, bivalves and SPATT. SPATTs 
integrate extracellular MC, even at low ambient 
concentrations (0.2  µg/L) (Lance et  al., 2021). Both 
samplers provided an accurate assessment of contam-
ination level and total MC content (intra and extracel-
lular), demonstrating the need to include cyanotoxins 
in the monitoring of seafood from estuarine areas.

3.2.4  Monitoring of Cyanotoxins in Sediments

The bloom-forming species have a competitive 
advantage over other phytoplankton species since 
they regulate their buoyancy and position in the water 
column through gas vacuoles (Cobo, 2015). Sam-
pling of these is generally superficial; nonetheless, it 
has been verified that they accumulate in sediments 
and constitute a source and/or sink with high resus-
pension potential (Bormans et  al., 2020). This indi-
cates that water quality monitoring programs should 
consider benthic cyanobacteria as a potential source 
of toxins (Gaget et al., 2017b). Furthermore, the sam-
pling and monitoring techniques commonly used to 
study planktonic species are not necessarily applica-
ble to benthic forms. Conventional benthic sampling 
consists of collecting sediment core samples (Karlson 
et al., 2012; Savichtcheva et al., 2011). While collect-
ing sediment core samples provides a relatively real-
istic picture of the biodiversity present, it is limited in 
rocky areas, where benthic mats appear to thrive in 
epilithic biofilms (Gaget et al., 2020).

In view of the above, Gaget et  al. (2020) devel-
oped and validated a new sampling device for rou-
tine monitoring of benthic mats. The sampling 
device they designed (Fig.  4) worked effectively in 
the field and provided a new solution to monitor this 

complex matrix. Three types of artificial substrates 
(wood, sandpaper and tile) were used to facilitate the 
development of microbial biofilms. Each substrate 
rectangle covered a total area of 45  cm2. Addition-
ally, to achieve adequate colonization, the substrates 
were placed as close as possible to the sediment sur-
face. This was done by means of rectangular frames 
(144 cm × 67 cm) made of PVC pipes covered with a 
mesh, which served as a support structure for the sub-
strates, being able to anchor and rest on the sediment, 
thereby limiting movement (Gaget et al., 2020).

Substrates used to collect samples should be incu-
bated for at least 6–8  weeks prior to the first sam-
pling, in order to allow biofilm to colonize the sur-
face. Additionally, a minimum of 3 replicate samples 
should be collected to adequately assess the microbial 
community. Wood substrates allow for the collection 
of a larger biomass than the other two materials and 
exhibit less variability between replicates in biomass. 
This is likely due to the more porous nature of wood, 
which could provide better anchorage for the biofilm, 
providing better resistance against physical distur-
bances (Gaget et al., 2020).

Despite decades of research on the growth, control 
and production of toxins by pelagic cyanobacteria, 
and the advances made in this area, there are currently 
relatively few studies evaluating the risk associated 
with benthic forms (Umehara et  al., 2017). Casero 
et  al. (2019) provide novel data on the presence of 
picocyanobacteria and benthic taxa that potentially 
produce ANTX neurotoxins (eg, Phormidium sp.) in 
thermally stratified deep-water bodies. Therefore, fur-
ther studies on the use of passive samplers, as well 
as the sampling of benthic cyanotoxins, are necessary.

In view of the above, once the sampling is car-
ried out, which can be by random or integrated tech-
niques, depending on the relevant requirement and/
or available resources, analysis must be performed to 
detect and quantify the type and concentration of the 
cyanotoxins. The purpose of this analysis is to pro-
vide information on health risks associated with their 
presence in such diverse environments.

4  Cyanotoxin Detection and Quantification 
Techniques

An appropriate analytical method is also important 
for the accurate measurement of MC. To date, great 
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progress has been made in the detection of cyanotox-
ins using various analytical techniques. Consequently, 
there are a variety of methods that allow routine 
monitoring of these bioactive substances, and decid-
ing which technique to use can be challenging. Some 
of the assays available for their detection in envi-
ronmental samples include ELISA (enzyme-linked 
immunosorbent assay), PPIA (protein phosphatase 
inhibition assay), PSI (protein synthesis inhibition), 
gene sequence PCR (polymerase chain reaction) and 
chemical analysis by high-performance liquid chro-
matography (HPLC) coupled to mass spectrometer 
(LC–MS). The last of these is one of the most accu-
rate but also expensive methods (Gaget, et al., 2017a; 
Picardo et al., 2019). Moreover, there are a number of 
extraction and cleaning strategies for the preparation 
of the sample prior to assay, the most used of which 
include liquid–liquid extraction (LLE), solid phase 

microextraction (SPME), lyophilization and solid 
phase extraction (SPE). These show recoveries greater 
than 85% for some cyanotoxins such as MC (Picardo 
et al., 2019). It should be noted that, although there is 
generally a good correlation between the presence of 
potentially toxigenic cyanobacteria and the detection 
of the toxin, the number of cyanobacterial cells and 
the concentrations of toxins do not necessarily corre-
late. Therefore, counting the cells with the assistance 
of a microscope is not the best indicator of actual 
exposure to toxins (Gaget, et al., 2017a).

In this regard, the detection of cyanotoxins in natu-
ral water and treated effluents requires efficient extrac-
tion methodologies and analytical techniques with a 
high degree of sensitivity and selectivity. However, 
most techniques have low sensitivity and selectivity 
to distinguish among structurally similar congeners, 
along with the lack of reference standards (Janssen, 

Fig. 4  Designed sampling device: (a) out of the water, (b) thrown into the water and (c) experimental design
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2019). Currently, there is a standardized method for 
their identification and quantification—EPA Method 
544 “Determination of microcystins and nodularin 
in drinking water by solid phase extraction and liq‑
uid chromatography/tandem mass spectrometry (LC/
MS/MS)”—(U.S. EPA, 2017), where the operating 
conditions are specified. This method combines liq-
uid chromatography as a separation technique, and 
mass spectrometry for the detection, identification 
and quantification of the separated compounds, offer-
ing a powerful analytical technique. It is based on the 
detection of the analytes by the charge mass ratio, the 
precursor ion detection and the fragmentation char-
acteristic of each compound that is previously deter-
mined for each cyanotoxin. Therefore, this technique 
allows the unambiguous detection of the desired mol-
ecules in the water samples even for low limits of 
quantification (León & Peñuela, 2019).

Furthermore, real-time toxin monitoring and 
detection is a challenging task, due to the heterogene-
ous nature of cyanobacterial blooms, the presence of 
different cyanotoxin variants and the low molecular 
weighted cyanotoxin congeners. Detection techniques 
are generally performed in a centralized laboratory 
and are not suitable for on-site detection. In view 
of this situation, Kulabhusan and Campbell (2021) 
manufactured lateral flow immunoassay (LFIA) rea-
gent strips consisting of four components, a sample 
pad, a conjugate pad, a nitrocellulose (NC) membrane 
and an absorbent pad, all laminated to a plastic card. 
The LFIA uses poly- or monoclonal antibodies as a 
recognition probe; the principle of which lies in the 
movement of the target analyte and the binding to the 
recognition probe on the NC membrane. This meth-
odology has gained attention due to its application in 
the field, sensitive detection, speed and cost-effective-
ness (Kulabhusan & Campbell, 2021).

Finally, important research has been done in 
recent decades to obtain robust and sensitive analyti-
cal methods to determine and control the presence 
of cyanotoxins in the environment. These methods 
range from immunochemistry to analytical methods 
based on gas chromatography or liquid chromatogra-
phy coupled to mass spectrometry analyzers (Picardo 
et  al., 2019). Likewise, new and improved designs 
have been made of passive sampling tools for the 
efficient monitoring of biotoxins that can affect fresh-
water and coastal environments, drinking water reser-
voirs and supplies.

5  Conclusions

CyanoHAB in aquatic ecosystems represent a major 
challenge for health authorities since their pres-
ence extends to diverse environments both fresh and 
brackish water, including reservoirs, lakes, lagoons, 
and coastal water bodies; and both the pelagic and 
benthic stages. These organisms constitute a serious 
environmental problem, affecting human and animal 
health due to their production of toxic metabolites. 
Moreover, their production has increased in extent 
and frequency worldwide. Therefore, the risk asso-
ciated with the presence of cyanotoxins has become 
a matter of great concern, and their detection and 
quantification is important in natural water bod-
ies of all kinds, including residual water, water for 
consumption, irrigation and recreation, as well as in 
sediments.

Various studies in recent years have shown that 
the detection and quantification of cyanotoxins can 
be achieved with passive samplers, which can be 
used effectively for time-integrated measurements 
of trace and ultra-trace concentrations of these haz-
ardous pollutants. Passive samplers thus represent 
a valuable tool for monitoring the quality of drink-
ing water, assessing the risk posed by the presence 
of MC, and managing the situation. The techniques 
used in the preparation of samples and their analysis 
for the detection and quantification of cyanotoxins 
are diverse, being liquid and gas chromatography 
coupled to mass spectrometry, as well as immuno-
chemistry, techniques of great importance.

Furthermore, studying the by-products gen-
erated from the degradation of natural toxins in 
aquatic environments and evaluating their possible 
adverse effects, both for the health of humans and 
that of other living beings, are crucial aspects in the 
management of cyanoHAB in water and control of 
cyanotoxin pollution.
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