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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Jose Luis Domingo The consumption of fish contaminated with cyanotoxins is an important public health issue due to their potential

adverse effects. The aim of this study was to assess the influence of refrigeration (4 °C) and freezing (—20 °C) on

Keywords: the concentration of Cylindrospermopsin (CYN), Microcystins (MCs) and their combination in tilapia (Oreo-
Cylindrospermopsin chromis niloticus) and tench (Tinca tinca). Fish muscle were spiked with a stock solution of each toxin to reach
ﬁ;mcymns 750 pg/g dry weight (d.w.). Three different periods of time were investigated for each treatment: 24 h, 48 h and
Refrigeration 7 days for refrigeration, and 24 h, 7 days and 1 month for freezing. Samples were extracted and quantified by
Freezing Ultra Performance Liquid Chromatography - Tandem Mass Spectrometry (UPLC-MS/MS). The results showed

that freezing for 1 month produced highest decreases of these toxins in both species in comparison to refriger-
ation, being CYN the most stable cyanotoxin. Moreover, MCs are more stable to storage processes in the mixtures
than alone, and fish species is a factor to take into account in their stability. These findings highlight the need to
assess the influence of food storage processes on the presence of cyanotoxins in fish species for a more realistic
human health risk assessment.

UPLC-MS/MS analyses

1. Introduction

As a consequence of global climate change, the increase in nutrient
loads, and/or anthropogenic activities, the occurrence of harmful cya-
nobacterial blooms in waterbodies is increasing worldwide (De la Cruz
et al.,, 2020). They are especially dangerous and require attention
because they produce toxic secondary metabolites, called cyanotoxins,
that are released to the water (Adamski et al., 2020). Humans can be
exposed to cyanotoxins by oral route through consumption of drinking
water, foods and dietary supplements contaminated with them (Rios
et al., 2013; Codd et al., 2020). Among cyanotoxins, Microcystins (MCs)
and Cylindrospermopsin (CYN) have been the most usually studied
(Pichardo et al., 2017; Diez-Quijada Jiménez et al., 2020).

In the environment, MCs concentrations up to 2700 pg/L (Preece
etal., 2015) and CYN concentrations up to1050 pg/L (Yang et al., 2021)
have been reported. Moreover, these cyanotoxins are able to accumulate
in different aquatic organisms such as mollusks and fish inducing several
toxic effects (Puerto et al., 2011; Gutiérrez-Praena et al., 2013; Die-
z-Quijada et al., 2019a,b; Scarlett et al., 2020), and consequently, the
consumption of freshwater fish contaminated with cyanotoxins could

represent a risk to humans (Drobac et al., 2016; Bormans et al., 2019;
Mohamed et al., 2020; Scarlett et al., 2020).

Most studies dealing with the risks associated to the intake of food-
stuffs were performed on uncooked/raw products (Domingo, 2011).
Nevertheless, edible organisms are usually stored and processed before
consumption, which can alter the concentration of cyanotoxins, as it is
the case for MCs and CYN (Morais et al., 2008; Zhang et al., 2010;
Guzman-Guillén et al., 2011, 2017; Freitas et al., 2014, 2016; Prieto
etal., 2017, 2020). However, the number of studies on the topic remains
scarce. Following the recommendations of the European Food Safety
Authority (EFSA) for all cyanotoxins, there is the need to quantify them
in food, and to evaluate the effect of cooking in their contents, especially
in the case of different variants of MCs (not only MC-LR) (Puerto et al.,
2009; Testai et al., 2016).

With respect to the effects of cooking on cyanotoxins concentrations,
contradictory results have been found so far. Thus, microwave cooking
reduced MCs contents in mussels, while boiling caused no significant
alteration (Morais et al., 2008). In contrast, boiled or microwaved clams
showed higher concentrations of free MC-LR (Freitas et al., 2014).
Similarly, contradictory results were also reported in fish: MCs
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concentrations were significantly higher in boiled muscle of bighead
carp (Zhang et al., 2010), whereas boiling caused a reduction in MCs
(MC-LR, -RR and -YR) concentrations in tilapia fish muscle (Oreochromis
niloticus) (Guzman-Guillén et al., 2011). Concerning CYN, cooking
processes (boiling, steaming and microwaving) did not cause a signifi-
cant change in CYN concentration in mussels. However, this cyanotoxin
was found in the cooking water (Freitas et al., 2016). In fish,
Guzman-Guillén et al. (2017) observed that CYN concentrations
decreased in tilapia fish muscle after steaming and boiling, being CYN
also detected in the cooking water. In accordance with these results,
decreased CYN levels were also reported in fish muscle after micro-
waving, broiling and boiling compared to the control group (Prieto
et al., 2017, 2020).

Regarding the effects of food storage on cyanotoxins concentrations,
only few studies have been performed, and again contrary results have
been reported. A reduction of detectable MCs in mussels after storage at
room temperature (20 °C), refrigeration (4 °C) and freezing (—20 °C) has
been reported (Morais et al., 2008). Freitas et al. (2014) observed a
decrease in free MC-LR concentration in refrigerated (4 °C) clams but a
significant higher concentration after freezing (—20 °C). Similarly, in
mussels, CYN concentration did not significantly differ from the control
group after refrigeration, whereas it was significantly higher after
freezing (Freitas et al., 2016). As far as we know, no studies have been
carried out in the case of contaminated fish. Thus, to evaluate the in-
fluence of common storage practices on the concentration of single
cyanotoxins and their mixtures in fish is worth of research.

Concerning MCs or CYN concentrations in fish and mollusks, their
determination was performed by Liquid Chromatography-Mass Spec-
trometry (LC-MS) (Zhang et al., 2010; Guzman-Guillén et al., 2011), as
LC-MS has been widely proved suitable for their analysis in a variety of
matrices (blooms, cyanobacterial cultures, biological samples (Camedn
et al., 2004, Ruiz et al., 2005). However, the technique of choice for the
analysis of different cyanotoxins (MCs, CYN, etc.) in complex matrices is
the Ultra Performance Liquid Chromatography - Tandem Mass Spec-
trometry (UPLC-MS/MS), because of its specificity and sensitivity
(Adamski et al., 2016a,b; Pekar et al., 2016; Guzman Guillén et al.,
2017; Prieto et al., 2017; Diez-Quijada Jiménez et al., 2020).

In view of this, the aim of this work was to investigate for the first
time the effect of common storage practices of fish such as refrigeration
(4 °C) and freezing (—20 °C) at three different periods of time, on the
concentration of free CYN, MCs (MC-LR, -RR and -YR) and their com-
bination in muscle of two different fish species (Tilapia, Oreochromis
niloticus, and Tench, Tinca tinca) contaminated under laboratory con-
ditions by UPLC-MS/MS.

2. Materials and methods
2.1. Chemical and reagents

MC-LR, MC-RR and MC-YR (99% purity) and CYN (95% purity)
commercial standards were purchased from Enzo Life Sciences (Lausen,
Switzerland). All chemicals and reagents used in this work were
analytical grade materials. Deionized water (18.2 MQ cm ™ resistivity)
was acquired from an ultrapure water purification system (NANOpure
Diamond™, Bamstead, USA). HPLC-graded methanol (MeOH),
dichloromethane (DCM), formic acid (FA), acetonitrile (ACN), tri-
fluoroacetic acid (TFA) and acetic acid were supplied by Merck
(Darmstadt, Germany). Bakerbond® C18 cartridges (500 mg, 6 mL,
Dicsa, Andalucia, Espana), Bond Elut Carbon cartridges (Porous
Graphitic carbon (PGC)) (500 mg, 6 mL, Agilent Technologies, Santa
Clara, CA, United States) and OASIS HLB cartridges (500 mg, 6 mL,
Waters, Milford, MA, USA) were used for Solid Phase Extraction (SPE).
Nanosep® Centrifugal Devices with Bio-Inert® Membrane (modified
nylon) 0.45 pm were supplied by PALL Corporation (New York, USA)
and 25 mm Syringe Filters with 0.2 pm cellulose acetate membrane were
purchased from VWR (International Radnor, Pennsylvania, USA).
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LC-MS grade reagents were used for UHPLC-MS/MS analyses: water
and ACN, obtained from VWR International (Fontenay-sous-Bois,
France), and FA from Fluka (Steinheim, Germany). Standard stock so-
lutions of each toxin prepared as follows and used to spike the fish
muscles: CYN (1.5 pg/mL) in Milli-Q water, MCs (1.5 pg/mL of MC-LR,
MC-RR and MC-YR) in 100% MeOH, and a standard multitoxin solution
(1.5 pg/mL) containing the four cyanotoxins (CYN, MC-LR, MC-RR and
MC-YR) in 20% MeOH.

2.2. Fish samples and experimental design

Fish (Tilapia, Oreochromis niloticus and Tench, Tinca tinca) were ob-
tained from a local supermarket, ready for human consumption. Each
fish muscle sample was cut into 4 g fresh weight (f.w.) portions (4.16 +
0.04 and 4.13 £ 0.01 g f.w., for Tilapia and Tench, respectively) and
each portion was spiked with a stock solution (500 pL of 1.5 pg/mL,
equivalent to 750 pg/g d.w) containing CYN, MCs (MC-LR, MC-RR and
MC-YR) or a mixture of the four studied cyanotoxins (CYN, MC-LR, MC-
RR and MC-YR). To ensure a concentration of 750 pg/g d.w. in each fish
sample, these toxins were directly spiked by injecting them into the
muscle and individually homogenised. These toxin concentrations were
selected according to the highest levels found in the environment
(Preece et al., 2015; Yang et al., 2021). The assays were always per-
formed by quintuplicate (n = 5) for each experimental condition.
Moreover, fish control groups spiked with CYN, MCs or cyanotoxins
mixture (500 pL of a solution containing 1.5 pg/mL of each toxin) not
submitted to any storage procedure were included.

Two storage procedures were investigated: refrigeration and
freezing. To test the refrigeration process, samples of fish muscle were
refrigerated at 4 °C for 24, 48 h and 7 days. In the case of freezing,
samples were stored at —20 °C for 48 h, 7 days and 1 month. For each of
these tested procedures, a control group without toxins was included. All
samples were frozen (—80 °C) and lyophilized (Cryodos —80 model,
Telstar, Terrassa, Spain) before cyanotoxins were extracted.

2.3. Cyanotoxins extraction and clean up procedures (SPE)

First, the UPLC-MS/MS method (Guzman-Guillén et al., 2017; Die-
z-Quijada et al., 2018) was examined for the analysis of CYN, MC-LR,
MC-RR and MC-YR, obtaining mass spectra. Standard calibration
points (50-1500 pg/L) were prepared from control fish extracts, to reach
linear ranges of 25-750 pg/L, equivalent to 25-750 pg/g d.w., in the
different regression equations obtained for each toxin. Fish muscles
samples previously lyophilized were extracted following different vali-
dated analytical methods according to the type of cyanotoxin. In the case
of CYN, they were extracted according to the method of Guzman-Guillén
et al. (2015b) with minor modifications. For this, 1 g dry weight (d.w.)
was extracted with 20 mL Milli-Q water/acetonitrile (30:70 v/v) con-
taining 0.5% TFA (v/v). After homogenization with ultraturrax and
sonication, the sample was centrifuged (3700 rpm, 15 min); the whole
process was repeated once again and the extracts were pooled. Once the
extracts had been obtained, the purification step performed out using a
combined SPE system consisting of C18 and PGC columns, as described
in the cited work. At the end, the extracts were evaporated to dryness
and resuspended in 1 mL Milli-Q water. Then, they were filtered through
Nanosep® Centrifugal Devices (0.45 pm, 13200 rpm, 10 min), and
through a syringe filter (0.22 pm) and analysed by UPLC-MS/MS.

For MCs, fish samples previously lyophilized were extracted
following the method of Guzman-Guillén et al. (2011) according to Dai
et al. (2008) with minor modifications. The lyophilized muscle (1 g d.w.)
was extracted with 10 mL of water with EDTA-Nay (0.01 M)- 5% acetic
acid, sonicated (3 min, 0 °C) and centrifuged (3700 rpm, 15 min, 25 °C).
This procedure was repeated twice using 5 mL of extractant. Once the
extracts had been obtained, they were purified using Oasis HLB car-
tridges, as explained in the cited work. Later, extracts were evaporated
to dryness and redissolved in 1 mL of 100% MeOH, filtered through
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Nanosep® Centrifugal Devices (0.45 pm, 13200 rpm, 10 min), and
analysed by UPLC-MS/MS.

Fish samples spiked with the mixture of the four cyanotoxins were
extracted according to the multitoxin method developed by Die-
z-Quijada Jiménez et al. (2020) with minor modifications. Briefly, 1 g d.
w. of fish was extracted with 20 mL 90% MeOH, sonicated and stirred for
15 min each step, and centrifuged (3700 rpm, 15 min, 25 °C), and the
process was repeated once again. Later, the supernatants were pooled
and concentrated in a rotary evaporator to reach 15% MeOH, and then
the extracts were cleaned using a dual SPE system with C18 and PGC
cartridges. Finally, the extracts were evaporated to dryness and resus-
pended in 1 mL 20% MeOH and analysed by UPLC-MS/MS.

The parameters of the validated methods applied in this work were:
for MCs, recoveries of 91-103% and %RSD of 4.82-18.8 (Dai et al.,
2008); for CYN, recoveries of 94-104% and %RSD of 6.7-11
(Guzman-Guillén et al., 2015b), and for the mixture, recoveries of
70.37-114.03% and %RSD of 2.61-13.73 (Diez-Quijada Jiménez et al.,
2020).

2.4. Chromatographic conditions

Chromatographic separation was carried out using a UPLC Acquity
(Waters) coupled to a Xevo TQS micro (Waters) being made up of a triple
quadrupole mass spectrometer equipped with an electrospray ion
source, operating in positive mode. UPLC analyses for CYN were con-
ducted on a 50 x 2.1 mm Acquity BEH C18 1.7 um column. The column
used for MCs and for the mixture of cyanotoxins was a 100 x 2.1 mm
XSelect HSS T3 2.5 pm column. The flow rate was 0.45 mL min ..
Chromatographic separation for CYN, MCs and mixture were performed
using a binary gradient consisting of (A) water and (B) methanol in the
case of CYN or acetonitrile in the case of MCs and the mixture, both
eluents contained 0.1% formic acid (v/v). In the case of CYN the elution
profile was 0% B (0.8 min), linear gradient to 90% B (2.2 min), 90% B (1
min) and lastly 0% B (1 min). For MCs and the mixture the elution
profile was 2% B (0.8 min), linear gradient to 70% B (6.2 min), 100 %B
(1 min) and finally 2% B (2 min). In all cases, the injection volume was 5
pL, and Multiple Reaction Monitoring (MRM) was applied, where the
parent ions and fragments ions were monitored at Q1 and Q3, respec-
tively. The transitions employed were 416.2/194.0 and 416.2/176.0 for
CYN; 996.5/135.0, 996.5/213.1 and 996.5/996.5 for MC-LR; 520.2/
135.0 and 1039.5/135.0 for MC-RR; and 1046.5/135.0, 1046.5/213.0
and 1046.5/1046.5 for MC-YR, selecting in all cases the first one for
quantitation and the others as confirmatory.

For UPLC-ESI-MS/MS analyses, the mass spectrometer was set to the
following optimised tune parameters: capillary voltage: 3.0 kV (for CYN)
and 1.0 kV (for MCs and the mixture), source temperature: 500 °C,
source desolvation gas flow: 1000 L/h and source cone gas flow: 50 L/h.
Standards and samples were dissolved in Milli-Q water for CYN, in 100%
MeOH for MCs and in 20% MeOH for the mixture.

2.5. Statistical analysis

One-way analysis of variance (ANOVA) with Tukey-Kramer Multiple
Comparison Test was performed verified with the normality test (Kol-
mogorov-Smirnov) and homogeneity of variances test (Bartlett) using
GraphPad InStat software (GraphPad Prism 9 Software Inc., La Jolla, CA,
USA), representing mean =+ standard deviation (SD) of 5 samples per
group. Statistical significance was considered at p < 0.05 level.

3. Results and discussion

Worldwide demand for fish products is continuously increasing
(Carrasson et al., 2021). In fact, from 1990 to 2018, there was a global
rise in aquaculture production of 527% (FAO, 2020). Accumulation of
CYN and MCs in different fish species such as tilapia or tench, as well as
the possibility of exceeding the provisional TDI established by World
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Health Organization (2020a,b) for humans (0.03 and 0.04 pg/kg b.w. for
CYN and MC-LR, respectively) have been well reviewed by different
authors (Gutiérrez-Praena et al., 2013; Chen et al., 2021). Furthermore,
different studies highlighted the importance of the occurrence of these
cyanotoxins in fish farms and recommended their monitoring to reduce
the exposure of fish to CYN and MCs (Gutiérrez-Praena et al., 2013;
Drobac et al., 2016; Mohamed et al., 2020).

For risk assessment purposes, a realistic estimation of human expo-
sure to these toxins is essential. In this sense, EFSA indicated that
additional efforts were necessary to elucidate the levels of human
exposure to cyanotoxins under different scenarios (Testai et al., 2016).
On the other hand, different processes to which food are subjected
before consumption have shown to produce important variations in the
concentration of contaminants (Domingo, 2011). In addition to cooking,
fish is a perishable product, and it is normally subjected to different
conditions of refrigeration and freezing during storage in order to extend
its shelf life and quality (Freitas et al., 2014).

This work investigates, for the first time, the effects of refrigeration
and freezing processes on the concentration of CYN, MCs and their
mixture in two fish species. To ensure that the differences observed in
toxin concentrations were due exclusively to the refrigeration or
freezing processes, the samples were spiked with the toxins. Thus,
possible conjugation reactions of these toxins (that would occur in vivo)
can be excluded in our investigation.

The recovery values were different according to the type of toxin and
the evaluated experimental group, reaching recoveries up to 80.4% for
CYN, and 46.4% for MCs. For this reason, and to ensure that the results
can be comparable among them, they were expressed as % toxins found
relative to its respective control group.

In general, the results showed that the most effective food storage
process for the reduction of cyanotoxins in fish muscle is freezing. Thus,
the refrigeration process did not modify the concentration of CYN
compared to the respective control groups in both fish species, tilapia
(Fig. 1a) and tench (Fig. 2a). On the contrary, significant CYN decreases
have been found after 48 h, 7 days and 1 month of freezing in tilapia
(remaining 73.5%, 69.3% and 82.2%) (Fig. 3a) and tench (remaining
59.3%, 32.5% and 20.3%) (Fig. 4a), respectively.

Regarding CYN, no differences were observed in its stability between
the tested fish species, tilapia or tench, after both conservation pro-
cesses. In fact, the high stability of CYN to light and over a large range of
temperature and pH (acidic and neutral conditions) has been reported,
which might have significant consequences for aquatic environments
(Campos et al., 2013; Guzman-Guillén et al., 2014; 2015a). According to
our results, Freitas et al. (2016) reported no significant differences in
CYN concentrations after 24 and 48 h of refrigeration at 4 °C in mussels
intoxicated with cyanobacterial crude extracts for 4 days under labo-
ratory conditions. By contrast, the same authors showed a significant
increase in CYN concentration in the mussels after 48 h, 7 days and 1
month of freezing at —20 °C. Contrary to their work, in the present
study, CYN was in its unconjugated form, and it was possible to detect
this toxin in all experimental groups, including the contaminated control
group. Actually, Freitas et al. (2016) explained that the increase in CYN
concentrations detected in the freezing group could be due to cell
disruption and protein denaturalization produced by this process.

Important differences in MCs concentrations were observed between
fish species contaminated with these toxins depending on the food
storage process. In the case of tilapia (Fig. 1b), from 24 h of refrigeration
only MC-RR showed a significant decrease in its concentration
(remaining at 24 h: 60.3%; 48 h: 44.4%; 7 days: 7.4%), being the less
stable toxin after the refrigeration process. Longer refrigeration periods
were needed to observe a decrease in the case of MC-YR (48 h: 69.9%
and 7 days: 19.4%) and MC-LR (7 days: 34.2%). The refrigeration pro-
cess was more effective in the case of tench (Fig. 2b) in comparison to
tilapia, observing a decrease in the concentration of the three MCs for all
periods of time (for 24 h: MC-LR: 44.4%; MC-RR: 26.3%; MC-YR: 55.8%);
for 48 h: MC-LR: 62.2%; MC-RR: 44.1%; MC-YR: 64.9%; for 7 days: MC-
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Fig. 1. Effects of refrigeration on contaminated
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LR: 41.0%; MC-RR: 10.3%; MC-YR: 29.5%). Although a mild increase in
toxins concentration was observed after 48 h compared to 24 h, it was
only significant for MC-RR. This could be explained because the period
considered between 24 and 48 h is small, and the variability derived
from the experimental process itself. Similar results were reported in
Mytillus galloprovincialis exposed to cyanobacterial cells of Microcystis
aeruginosa for 4 days, and later stored at 4 °C for 24, 48 and 72 h,
detecting MCs by ELISA (Morais et al., 2008). However, under the same
conditions, LC-MS analysis performed by Freitas et al. (2014) only
showed this effect in Corbicula fluminea exposed to MC-LR producing
cells of Microcystis aeruginosa after 48 and 72 h, but not in the case of 24

7 days

h, coinciding with our results in tilapia after 24 h and in tench after 48 h.
In our study, a higher period was also assessed (7 days) which showed a
significant decrease in MCs concentrations in comparison to 24 and 48 h
in both fish species. Moreover, this is the first study involving three MCs
congeners and evaluating the effect that the refrigeration process has in
each of them, and among MCs variants within the same period. In this
sense, MC-RR was the most sensitive to refrigeration in both fish species.
These differences observed between the MCs variants studied could be
due to their chemical structure and to the composition of the matrix in
which they are included. Previously, MC-RR has demonstrated to be
more sensitive than MC-LR and MC-YR when these cyanotoxins were
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TENCH REFRIGERATION
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Fig. 2. Effects of refrigeration on contaminated tench
fish muscle (Tinca tinca) spiked with 500 pL of a
standard solution containing 1.5 pg/mL of each toxin
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submitted to in vitro digestion processes (Moreno et al., 2004).

However, the freezing storage process was more effective in reducing
MCs concentrations in tilapia in comparison to tench.

Thus, the results in tilapia showed a significant reduction for the
three MCs for all the periods assessed (MC-LR: 13.4%, 12.7% and 9.3%j;
MC-RR: 28.7%; 18.9% and 11.0%; MC-YR: 23.7%, 14.6% and 13.9%, for
48 h, 7 days and 1 month, respectively) (Fig. 3b). In the case of tench,
only the longest freezing period (1 month) was effective in decreasing

MCs concentrations, being 5.27% for MC-LR, 37.4% for MC-RR and
42.0% for MC-YR (Fig. 4b). These results are in agreement with those
previously obtained in mussels by Morais et al. (2008), who also
observed an important decrease in MCs concentrations at the same pe-
riods of time (48 h, 7 days and 1 month). However, in the case of tench
this response was only observed after 1 month. Different results were
reported by Freitas et al. (2014) in clams, depending on the freezing
time. In this case, these authors also observed a decrease after 48 h,
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TILAPIA FREEZING Fig. 3. Effects of freezing on contaminated tilapia
fish muscle (Oreochromis niloticus) spiked with 500 pL
a) of a standard solution containing 1.5 pg/mL of each
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similarly to our results in tilapia. By contrast, they showed a significant
higher concentration in MC-LR after 7 days and 1 month, whereas in our
study a significant decrease of MC-LR was detected after 7 days in tilapia
and 1 month in tilapia and tench. In our work, it is worth highlighting
that the highest differences in the freezing process derived from the
storage time and the toxin congener were observed in tench, compared
to tilapia. Thus, a longer freezing time was necessary in tench in com-
parison to tilapia to produce a decrease in the content of the MCs.
Moreover, MC-LR showed to be the most unstable toxin mainly in tench
compared to MC-RR and MC-YR. For all this, both the MCs congener and

the fish species must be considered in order to perform a correct risk
assessment, although no direct relationship was observed between the
nature of the different cyanotoxins and fish composition in our study.
The co-occurrence and increase of multiple variants and/or classes of
cyanotoxins, such as CYN and MCs, is a growing area of research
(Metcalf and Codd, 2020). However, there is no research works focused
on the effect of storage techniques on the concentration of these cya-
notoxins mixtures so far, that allow us to approach a more realistic
scenario. This is the first study that assesses the effect of food storage
(refrigeration and freezing) on distinct contaminated fish species with



~

. Diez-Quijada et al.

TENCH FREEZING

[
—~—

Food and Chemical Toxicology 158 (2021) 112673

Fig. 4. Effects of freezing on contaminated tench fish
muscle (Tinca tinca) spiked with 500 pL of a standard
solution containing 1.5 pg/mL of each toxin (CYN,
MCs and CYN + MCs) and frozen at —20 °C for 48 h, 7
days and 1 month. CYN (a), MCs (b) and CYN + MCs
(c). Values are expressed as the mean + SD (N = 5).
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the mixture of CYN and MCs (MC-LR, MC-RR and MC-YR). Similarly to
the results obtained in absence of MCs, CYN did not show any significant
differences in its concentrations in the presence of MCs both in tilapia
(Fig. 1c) and tench (Fig. 2c) for the three refrigeration periods assessed.
In tilapia, in the case of MC-LR, only a significant reduction was
observed after 7 days, regardless of the presence or absence of CYN
(32.8% versus 34.2% for 7 days, respectively). MC-RR showed a slight
reduction after 7 days (73.5%) in the CYN + MCs mixture, while MC-YR
concentration was not affected in comparison to its control group. In

tench, there was only a reduction in MC-LR concentration (54.9%) in the
presence of CYN after 7 days of refrigeration, evidencing a lower
effectiveness of the process for reducing the concentration of this toxin
in co-occurrence with CYN. In fact, refrigeration did not decrease the
concentration of MC-RR and MC-YR in the presence of CYN for any of
the periods evaluated. Possible interactions between MCs and CYN,
mainly in the case of MC-RR (the most hydrophilic together with CYN),
could be occurring during refrigeration process, that increase toxins
stability in the samples.
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With respect to freezing, different changes in cyanotoxins response
were observed when they were alone or in the CYN + MCs mixture
depending on the fish species. In the case of tilapia, a similar response
was observed in CYN and MCs both individually and simultaneously in
the mixture, for all periods of time assessed (Fig. 3c). A progressive
significant reduction was observed for CYN in the presence of MCs in
tilapia (48 h: 68.3%; 7 days: 38.1% and 1 month: 37.1%) and this
pattern was also observed for the three MCs in the presence of CYN with
important decreases (MC-LR: 43.4%, 29.4% and 32.9%; MC-RR: 59.6%;
40.8% and 45.1%; MC-YR: 78.5%, 47.9% and 48.0% for 48 h, 7 days and
1 month, respectively). In tench, in the case of CYN alone, a significant
and progressive decrease on toxin levels was detected for all periods
evaluated. Moreover, that decrease was not detected in the presence of
MCs even after 1 month of freezing. In the case of MCs, a similar
behavior was observed in the different experimental groups (MCs alone
and CYN + MCs mixture). After 1 month of freezing, all the MCs suffered
an important reduction of their concentrations MC-LR: 1.6%, MC-RR:
1.5% and MC-YR was not detected in presence of CYN (Fig. 4c).

To our knowledge, this is the first study evaluating the effects that
refrigeration and freezing have on the concentration of cyanotoxins
mixtures, so there are no previous data to compare these findings with.
Our results showed that it is necessary and important to know the type of
cyanotoxins present in the contaminated fish to predict the level of
exposure to these toxins after refrigeration and freezing processes,
especially in the last case. In general, these processes produce a higher
reduction in MCs concentrations when they were evaluated individually
(CYN or MCs) in comparison to the CYN + MCs mixture. However, this
depends on the type of conservation process (refrigeration or freezing)
and the species of fish employed.

With respect to the time of food storage necessary to decrease cya-
notoxins concentrations, it has been observed that in the case of
refrigeration, MCs showed higher reductions after 7 days, being this
period of time the minimum advisable in terms of food safety. CYN was
not affected for any refrigeration period assessed, being necessary a
freezing process to decrease its concentration. Moreover, the time of
freezing is not relevant in tilapia, but time-dependent differences must
be considered in tench, mainly in the case of MCs, where longer periods
of time (1 month) are needed to ensure the effectiveness of this storage
process on their reduction, in order to guarantee the safety for
consumers.

4. Conclusions

This is the first study that assesses the effect of refrigeration and
freezing on different fish species such as tilapia and tench contaminated
with CYN and MCs (MC-LR, MC-RR and MC-YR) alone or with their
combination, providing new light on this issue. In general, these food
conservation procedures produce significant differences on cyanotoxins
concentrations in contaminated fish depending on different factors, such
as type of cyanotoxin, alone or combined, and fish species. In this way,
free CYN concentration is only decreased by freezing, while in the case
of free MCs, refrigeration is also effective. Moreover, the reduction of
free MCs concentrations contained in the mixtures is lower in compar-
ison to individual MCs. The fish species is a factor to take into account
since toxins are more stable in tench than in tilapia. In general, the
longest periods of time assayed (7 days for refrigeration, and 1 month for
freezing) are more effective to reduce free cyanotoxins concentrations in
fish, and freezing is shown as the most effective food storage technique.
These findings highlight the need to assess the influence of food storage
processes on the presence of cyanotoxins in fish species for a more
realistic human health risk assessment.

CRediT authorship contribution statement

Leticia Diez-Quijada: Data curation, Formal analysis, Investigation,
Methodology, Software, Writing — original draft. Ana I. Prieto: Data

Food and Chemical Toxicology 158 (2021) 112673

curation, Formal analysis, Investigation, Methodology, Software,
Writing — original draft, Writing — review & editing. Remedios
Guzman-Guillén: Data curation, Formal analysis, Investigation, Meth-
odology, Software, Writing — original draft, Writing — review & editing.
Ana M. Camean: Conceptualization, Funding acquisition, Investigation,
Project administration, Resources, Supervision, Writing — original draft,
Writing — review & editing. Angeles Jos: Conceptualization, Funding
acquisition, Investigation, Project administration, Resources, Supervi-
sion, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors wish to thank the Spanish Ministerio de Ciencia e
Innovacion (PID2019-104890RB-100 MICIN/ AEI/10.13039/
501100011033) for the financial support, and the Mass Spectrometry
Facility of Centro de Investigacion, Tecnologia e Innovacién from Uni-
versidad de Sevilla (CITIUS), for providing technical assistance. Leticia
Diez-Quijada Jiménez thanks to the Ministerio de Economia, Industria y
Competitividad of Spain for the grant BES-2016-078773 and the VI
PPIT-US for the granting of a Postdoctoral Bridges Aid and its funding.

References

Adamski, M., Zmudzki, P., Chrapusta, E., Bober, B., Kaminski, A., Zabaglo, K.,
Latkowska, E., Bialczyk, J., 2016a. Effect of pH and temperature on the stability of
cylindrospermopsin. Characterization of decomposition products. Algal Res 15,
129-134. https://doi.org/10.1016/j.algal.2016.02.020.

Adamski, M., Zmudzki, P., Chrapusta, E., Kaminski, A., Bober, B., Zabaglo, K.,
Bialczyk, J., 2016b. Characterization of cylindrospermopsin decomposition products
formed under irradiation conditions. Algal Res 18, 1-6. https://doi.org/10.1016/j.
algal.2016.05.027.

Adamski, M., Wotowski, K., Kaminski, A., Hindakovd, A., 2020. Cyanotoxin
cylindrospermopsin producers and the catalytic decomposition process: a review.
Harmul Algae 98, 101894. https://doi.org/10.1016/j.hal.2020.101894.

Bormans, M., Amzil, Z., Mineaud, E., Brient, L., Savar, V., Robert, E., Lance, E., 2019.
Demonstrated transfer of cyanobacteria and cyanotoxins along a freshwater-marine
continuum in France. Harmful Algae 87, 101639. https://doi.org/10.1016/j.
hal.2019.101639.

Camean, A., Moreno, I.M., Ruiz, M.J., Pic6, Y., 2004. Determination of microcystins in
natural blooms and cyanobacterial strain cultures by matrix solid-phase dispersion
and liquid chromatography-mass spectrometry. Anal. Bioanal. Chem. 380, 537-544.
https://doi.org/10.1007/500216-004-2755-2.

Campos, A., Puerto, M., Prieto, A., Camean, A., Almeida, A.M., Coelho, A.V.,
Vasconcelos, V., 2013. Protein extraction and two-dimensional gel electrophoresis of
proteins in the marine mussel Mytilus galloprovincialis: an important tool for protein
expression studies, food quality and safety assessment. J. Sci. Food Agric. 93,
1779-1787. https://doi.org/10.1002/jsfa.5977.

Carrasson, M., Soler-Membrives, A., Constenla, M., Escobar, C., Flos, R., Gil, J.M.,
Luzén, V., Piferrer, F., Reig, L., 2021. Information impact on consumers’ perceptions
towards aquaculture: dismantling the myth about feeds for farmed fish. Aquac 544,
737137. https://doi.org/10.1016/j.aquaculture.2021.737137.

Chen, L., Giesy, J.P., Adamovsky, O., Svircev, Z., Meriluoto, J., Codd, G.A., Mijovic, B.,
Shi, T., Tuo, X., Li, S.-C., Pan, B.-Z., Chen, J., Xie, P., 2021. Challenges of using
blooms of Microcystis spp. in animal feeds: a comprehensive review of nutritional,
toxicological and microbial health evaluation. Sci. Total Environ. 764, 142319.
https://doi.org/10.1016/j.scitotenv.2020.142319.

Codd, G.A., Testai, E., Funari, E., Svircev, Z., 2020. Chapter 2: cyanobacteria,
cyanotoxins, and human health. In: Hiskia, A.E., Triantis, T.M., Antoniou, M.G.,
Kaloudis, T., Dionysiou, D.D. (Eds.), Water Treatment for Purification from
Cyanobacteria and Cyanotoxins. John Wiley & Sons Ltd, pp. 37-68. https://doi.org/
10.1002/9781118928677.ch2.

Dai, M., Xie, P., Liang, G., Chen, J., Lei, H., 2008. Simultaneous determination of
microcystin-LR and its gluthatione conjugate in fish tissue by liquid
chromatography-tandem mass spectrometry. J. Chromatogr. B 862, 43-50. https://
doi.org/10.1016/j.jchromb.2007.10.030.

De la Cruz, A.A., Chernoff, N., Sinclair, J.L., Hill, D., Diggs, D.L., Lynch, A.T., 2020.
Chapter 1: introduction to cyanobacteria and cyanotoxins. In: Hiskia, A.E.,
Triantis, T.M., Antoniou, M.G., Kaloudis, T., Dionysiou, D.D. (Eds.), Water Treatment
for Purification from Cyanobacteria and Cyanotoxins. John Wiley & Sons Ltd,
pp. 1-35. https://doi.org/10.1002/9781118928677.ch1.


https://doi.org/10.1016/j.algal.2016.02.020
https://doi.org/10.1016/j.algal.2016.05.027
https://doi.org/10.1016/j.algal.2016.05.027
https://doi.org/10.1016/j.hal.2020.101894
https://doi.org/10.1016/j.hal.2019.101639
https://doi.org/10.1016/j.hal.2019.101639
https://doi.org/10.1007/s00216-004-2755-2
https://doi.org/10.1002/jsfa.5977
https://doi.org/10.1016/j.aquaculture.2021.737137
https://doi.org/10.1016/j.scitotenv.2020.142319
https://doi.org/10.1002/9781118928677.ch2
https://doi.org/10.1002/9781118928677.ch2
https://doi.org/10.1016/j.jchromb.2007.10.030
https://doi.org/10.1016/j.jchromb.2007.10.030
https://doi.org/10.1002/9781118928677.ch1

L. Diez-Quijada et al.

Diez-Quijada, L., Guzman-Guillén, R., Prieto Ortega, A.I., Llana-Ruiz-Cabello, M.,
Campos, A., Vasconcelos, V., Jos, A., Cameén, A.M., 2018. New method for
simultaneous determination of microcystins and cylindrospermopsin in vegetable
matrices by SPE-UPLC-MS/MS. Toxins 10, 1-16. https://doi.org/10.3390/
toxins10100406.

Diez-Quijada, L., Prieto, A.IL, Guzmén-Guillén, R., Jos, A., Cameén, A.M., 2019a.
Occurrence and toxicity of microcystin congeners other than MC-LR and MC-RR: a
review. Food Chem. Toxicol. 125, 106-132. https://doi.org/10.1016/j.
fct.2018.12.042.

Diez-Quijada, L., Puerto, M., Gutiérrez-Praena, D., Llana-Ruiz-Cabello, M., Jos, A,
Camean, A.M., 2019b. Microcystin-RR: occurrence, content in water and food and
toxicological studies. A review. Environ. Res. 168, 467-489. https://doi.org/
10.1016/j.envres.2018.07.019.

Diez-Quijada Jiménez, L., Guzman-Guillén, R., Catunescu, G.M., Campos, A.,
Vasconcelos, V., Jos, A., Camedn, A.M., 2020. A new method for the simultaneous
determination of cyanotoxins (Microcystins and Cylindrospermopsin) in mussels
using SPE-UPLC-MS/MS. Environ. Res. 185, 109284. https://doi.org/10.1016/j.
envres.2020.109284.

Domingo, J.L., 2011. Influence of cooking processes on the concentrations of toxic metals
and various organic environmental pollutants in food: a review of the published
literature. Crit. Rev. Food Sci. Nutr. 51, 29-37. https://doi.org/10.1080/
10408390903044511.

Drobac, D., Tokodi, N., Luji¢, J., Marinovi¢, Z., Subakov-Simi¢, G., Duli¢, T., Vazié, T.,
Nybom, S., Meriluoto, J., Codd, G.A., Svircev, Z., 2016. Cyanobacteria and
cyanotoxins in fishponds and their effects on fish tissue. Harmful Algae 55, 66-76.
https://doi.org/10.1016/j.hal.2016.02.007.

FAO, 2020. The State of World Fisheries and Aquaculture 2020. Sustainability in Action.
https://doi.org/10.4060/ca9229en. Rome.

Freitas, M., Azevedo, J., Carvalho, A.P., Campos, A., Vasconcelos, V., 2014. Effects of
storage, processing and proteolytic digestion on microcystin-LR concentration in
edible clams. Food Chem. Toxicol. 66, 217-223. https://doi.org/10.1016/j.
fct.2014.01.041.

Freitas, M., Azevedo, J., Carvalho, A.P., Mendes, V.M., Manadas, B., Campos, A.,
Vasconcelos, V., 2016. Bioaccessibility and changes on cylindrospermopsin
concentration in edible mussels with storage and processing time. Food Control 59,
567-574. https://doi.org/10.1016/j.foodcont.2015.06.025.

Gutiérrez-Praena, D., Jos, A., Pichardo, S., Moreno, I.M., Camean, A.M., 2013. Presence
and bioaccumulation of microcystins and cylindrospermopsin in food and the
effectiveness of some cooking techniques at decreasing their concentrations: a
review. Food Chem. Toxicol. 53, 139-152. https://doi.org/10.1016/j.
fct.2012.10.062.

Guzman-Guillén, R., Prieto, A.I., Moreno, 1., Soria, M.E., Camean, A.M., 2011. Effects of
thermal treatments during cooking, microwave oven and boiling, on the
unconjugated microcystin concentration in muscle of fish (Oreochromis niloticus).
Food Chem. Toxicol. 49, 2060-2067. https://doi.org/10.1016/.fct.2011.05.018.

Guzman-Guillén, R., Prieto, A.I., Moreno, 1., Rios, V., Vasconcelos, V.M., Camean, A.M.,
2014. Effects of depuration on oxidative biomarkers in tilapia (Oreochromis niloticus)
after subchronic exposure to cyanobacterium producing cylindrospermopsin. Aquat.
Toxicol. 149, 40-49. https://doi.org/10.1016/j.aquatox.2014.01.026.

Guzman-Guillén, R., Prieto, A.L., Moreno, 1., Vasconcelos, V.M., Moyano, R., Blanco, A.,
Camean Fernandez, A.M., 2015a. Cyanobacterium producing cylindrospermopsin
cause histopathological changes at environmentally relevant concentrations in
subchronically exposed tilapia (Oreochromis niloticus). Environ. Toxicol. 30,
261-277. https://doi.org/10.1002/tox.21904.

Guzmdn-Guillén, R., Moreno, 1., Prieto Ortega, A.1L., Soria-Diaz, M.E., Vasconcelos, V.,
Camean, A.M., 2015b. CYN determination in tissues from freshwater fish by LC-MS/
MS: validation and application in tissues from subchronically exposed tilapia
(Oreochromis niloticus). Talanta 131, 452-459. https://doi.org/10.1016/j.
talanta.2014.07.091.

Guzman-Guillén, R., Maisanaba, S., Prieto Ortega, A.I., Valderrama-Fernandez, R.,

Jos, A., Cameén, A.M., 2017. Changes on cylindrospermopsin concentration and
characterization of decomposition products in fish muscle (Oreochromis niloticus) by
boiling and steaming. Food Control 77, 210-220. https://doi.org/10.1016/j.
foodcont.2017.02.035.

Metcalf, J.S., Codd, G.A., 2020. Co-occurrence of cyanobacteria and cyanotoxins with
other environmental health hazards: impacts and implications. Toxins 12, 629.
https://doi.org/10.3390/toxins12100629.

Mohamed, Z., Ahmed, Z., Bakr, A., Hashem, M., Alamri, S., 2020. Detection of free and
bound microcystins in tilapia fish from Egyptian fishpond farms and its related

Food and Chemical Toxicology 158 (2021) 112673

public health risk assessment. J. Consum. Prot. Food Saf. 15, 37-47. https://doi.org/
10.1007/500003-019-01254-0.

Morais, J., Augusto, M., Carvalho, A.P., Vale, M., Vasconcelos, V.M., 2008.
Cyanobacteria hepatotoxins, microcystins: bioavailability in contaminated mussels
exposed to different environmental conditions. Eur. Food Res. Technol. 227,
949-952. https://doi.org/10.1007/s00217-007-0779-5.

Moreno, .M., Maraver, J., Aguete, E.C., Leao, M., Gago-Martinez, A., Camedan, A.M.,
2004. Decomposition of microcystin-LR, microcystin-RR, and microcystin-YR in
water samples submitted to in vitro dissolution tests. J. Agric. Food Chem. 52,
5933-5938. https://doi.org/10.1021/jf0489668.

Pekar, H., Westerberg, E., Bruno, O., Liéne, A., Persson, K.M., Sundstrom, L.F., Thim, A.-
M., 2016. Fast, rugged and sensitive ultra high pressure liquid chromatography
tandem mass spectrometry method for analysis of cyanotoxins in raw water and
drinking water- First findings of anatoxins, cylindrospermopsins and microcystin
variants in Swedish source waters and infiltration ponds. J. Chromatogr. A 1429,
265-276. https://doi.org/10.1016/j.chroma.2015.12.049.

Pichardo, S., Camean, A.M., Jos, A., 2017. In vitro toxicological assessment of
Cylindrospermopsin: a review. Toxins 9, 402. https://doi.org/10.3390/
toxins9120402.

Preece, E.P., Moore, B.C., Hardy, F.J., Deobald, L.A., 2015. First detection of microcystin
in puget sound, Washington, mussels (Mytilus Trossulus), 5031 Lake Reservoir
Manag. 31, 31. servoir Manag. 31,mussels (0c.2014.998398.

Prieto, A.I, Guzman-Guillén, R., Valderrama-Fernandez, R., Jos, A., Cameén, A.M., 2017.
Influence of cooking (microwaving and broiling) on cylindrospermopsin
concentration in muscle of nile Tilapia (Oreochromis niloticus) and characterization of
decomposition products. Toxins 9, 177. https://doi.org/10.3390/toxins9060177.

Prieto, A.L, Guzmén-Guillén, R., Jos, A., Camean, A.M., de la Rosa, J.M., Gonzélez-
Pérez, J.A., 2020. Detection of cylindrospermopsin and its decomposition products
in raw and cooked fish (Oreochromis niloticus) by analytical pyrolysis (Py-GC/MS).
Chemosphere 244, 125469. https://doi.org/10.1016/j.chemosphere.2019.125469.

Puerto, M., Pichardo, S., Jos, A., Camean, A.M., 2009. Comparison of the toxicity
induced by Microcystin-RR and Microcystin-YR in differentiated and
undifferentiated Caco- 2 cells. Toxicon 54, 161-169. https://doi.org/10.1016/j.
toxicon.2009.03.030.

Puerto, M., Jos, A., Pichardo, S., Gutiérrez-Praena, D., Camean, A.M., 2011. Acute effects
of pure cylindrospermopsin on the activity and transcription of antioxidant enzymes
in tilapia (Oreochromis niloticus) exposed by gavage. Ecotoxicology 20, 1852-1860.
https://doi.org/10.1007/510646-011-0723-0.

Rios, V., Moreno, I., Prieto, A.L, Puerto, M., Gutiérrez-Praena, D., Soria-Diaz, M.A.,
Camean, A.M., 2013. Analysis of MC-LR and MC-RR in tissue from freshwater fish
(Tinca tinca) and crayfish (Procambarus clarkii) in tench ponds (Caceres,Spain)by
liquid chromatography-mass spectrometry (LC-MS). Food Chem. Toxicol. 57,
170-178. https://doi.org/10.1016/j.fct.2013.03.025.

Ruiz, M.J., Cameén, A.M., Moreno, I.M., Picd, Y., 2005. Determination of microcystins in
biological samples by matrix solid-phase dispersion and liquid chromatography-mass
spectrometry. J. Chromatogr. A 1073, 257-262. https://doi.org/10.1016/j.
chroma.2004.08.128.

Scarlett, K.R., Kim, S., Lovin, L.M., Chatterjee, S., Scott, J.T., Brooks, B.W., 2020. Global
scanning of cylindrospermopsin: critical review and analysis of aquatic occurrence,
bioaccumulation, toxicity and health hazards. Sci. Total Environ. 738, 139807.
https://doi.org/10.1016/j.scitotenv.2020.139807.

Testai, E., Buratti, F.M., Funari, E., Manganelli, M., Vichi, S., Arnich, N., Biré, R.,
Fessard, V., Sialehaamoa, A., 2016. Review and analysis of occurrence, exposure and
toxicity of cyanobacteria toxins in food. EFSA Support. Publ. 13, 1-309. https://doi.
org/10.2903/sp.efsa.2016.EN-998.

World Health Organization, 2020a. Cyanobacterial Toxins: Cylindrospermopsins.
Background Document for Development of WHO Guidelines for Drinking-Water
Quality and Guidelines for Safe Recreational Water Environments. World Health
Organization, Geneva. https://apps.who.int/iris/handle/10665/338063.

World Health Organization, 2020b. Cyanobacterial toxins: Microcystins. Background
document for development of WHO Guidelines for drinking-water quality and
Guidelines for safe recreational water environments. World Health Organization,
Geneva. https://apps.who.int/iris/handle/10665/338066.

Yang, Y., Yu, G., Chen, Y., Jia, N,, Li, R., 2021. Four decades of progress in
cylindrospermopsin research: the ins and outs of a potent cyanotoxin. J. Hazard.
Marter. 406, 124653. https://doi.org/10.1016/j.jhazmat.2020.124653.

Zhang, D., Xie, P., Chen, J., 2010. Effects of temperature on the stability of microcystins
in muscle of fish and its consequences for food safety. Bull. Environ. Contam.
Toxicol. 84, 202-207. https://doi.org/10.1007/500128-009-9910-6.


https://doi.org/10.3390/toxins10100406
https://doi.org/10.3390/toxins10100406
https://doi.org/10.1016/j.fct.2018.12.042
https://doi.org/10.1016/j.fct.2018.12.042
https://doi.org/10.1016/j.envres.2018.07.019
https://doi.org/10.1016/j.envres.2018.07.019
https://doi.org/10.1016/j.envres.2020.109284
https://doi.org/10.1016/j.envres.2020.109284
https://doi.org/10.1080/10408390903044511
https://doi.org/10.1080/10408390903044511
https://doi.org/10.1016/j.hal.2016.02.007
https://doi.org/10.4060/ca9229en
https://doi.org/10.1016/j.fct.2014.01.041
https://doi.org/10.1016/j.fct.2014.01.041
https://doi.org/10.1016/j.foodcont.2015.06.025
https://doi.org/10.1016/j.fct.2012.10.062
https://doi.org/10.1016/j.fct.2012.10.062
https://doi.org/10.1016/j.fct.2011.05.018
https://doi.org/10.1016/j.aquatox.2014.01.026
https://doi.org/10.1002/tox.21904
https://doi.org/10.1016/j.talanta.2014.07.091
https://doi.org/10.1016/j.talanta.2014.07.091
https://doi.org/10.1016/j.foodcont.2017.02.035
https://doi.org/10.1016/j.foodcont.2017.02.035
https://doi.org/10.3390/toxins12100629
https://doi.org/10.1007/s00003-019-01254-0
https://doi.org/10.1007/s00003-019-01254-0
https://doi.org/10.1007/s00217-007-0779-5
https://doi.org/10.1021/jf0489668
https://doi.org/10.1016/j.chroma.2015.12.049
https://doi.org/10.3390/toxins9120402
https://doi.org/10.3390/toxins9120402
http://refhub.elsevier.com/S0278-6915(21)00706-7/sref34
http://refhub.elsevier.com/S0278-6915(21)00706-7/sref34
http://refhub.elsevier.com/S0278-6915(21)00706-7/sref34
https://doi.org/10.3390/toxins9060177
https://doi.org/10.1016/j.chemosphere.2019.125469
https://doi.org/10.1016/j.toxicon.2009.03.030
https://doi.org/10.1016/j.toxicon.2009.03.030
https://doi.org/10.1007/s10646-011-0723-0
https://doi.org/10.1016/j.fct.2013.03.025
https://doi.org/10.1016/j.chroma.2004.08.128
https://doi.org/10.1016/j.chroma.2004.08.128
https://doi.org/10.1016/j.scitotenv.2020.139807
https://doi.org/10.2903/sp.efsa.2016.EN-998
https://doi.org/10.2903/sp.efsa.2016.EN-998
https://apps.who.int/iris/handle/10665/338063
https://apps.who.int/iris/handle/10665/338066
https://doi.org/10.1016/j.jhazmat.2020.124653
https://doi.org/10.1007/s00128-009-9910-6

	Influence of refrigeration and freezing in Microcystins and Cylindrospermopsin concentrations on fish muscle of tilapia (Or ...
	1 Introduction
	2 Materials and methods
	2.1 Chemical and reagents
	2.2 Fish samples and experimental design
	2.3 Cyanotoxins extraction and clean up procedures (SPE)
	2.4 Chromatographic conditions
	2.5 Statistical analysis

	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


