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Abstract

Cyanotoxins, such as microcystins (MC) and nodularins (NOD), are highly stable and resistant to conventional
physical and chemical degradation, posing a significant risk to human health. In the present work, low frequency
ultrasound was used as an advanced oxidation process to degrade cyanotoxins from a Colombian reservoir, evaluating
the efficiency of the sonication process, using different powers (10, 30 and 50 W) and exposure times (5, 10, 20 and
30 min) under a frequency of 40 kHz. Ultrasonication proved to be ineffective for MC-LR concentrations up to 2595.42
pg/L, as no significant degradation was observed after 30 minutes of treatment. Additionally, a notable difference was
evident in the concentrations of cyanotoxins in the water between sampling campaigns. Thus, risk assessment,
implementation of monitoring programs and mitigation efforts in reservoirs deserve greater attention.

Keywords: advanced oxidation process; algal bloom; alternative treatment; cyanotoxins; low frequency; risk
assessment; sonication; tropical reservoir; water purification; water quality.

Resumen

Las cianotoxinas, como las microcistinas (MC) y las nodularinas (NOD), son muy resistentes y estables a la
degradacién quimica y fisica convencional, ademas de representar un mayor riesgo para la salud humana. En el
presente trabajo se utiliz6 el ultrasonido de baja frecuencia como proceso de oxidacién avanzada para degradar
cianotoxinas presentes en un embalse colombiano, evaludndose la eficiencia del proceso de sonicacion, al utilizar
diferentes potencias (10, 30 y 50 W) y tiempos de exposicién (5, 10, 20 y 30 min) bajo una frecuencia de 40 kHz. Se
encontrd que el uso de ultrasonido no fue efectivo para concentraciones de hasta 2595,42 pg/L. de MC-LR, ya que no
se obtuvieron tasas de degradacion significativas después de 30 minutos de tratamiento. Ademas, se evidencidé una
diferencia notable en las concentraciones de cianotoxinas en el agua entre las campafias de muestreo. En este sentido,
la evaluacion de riesgos, la implementacion de programas de monitoreo y los esfuerzos de mitigacion en los embalses
merecen mayor atencion.
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1. Introduction

Algal blooms consist of both toxic and non-toxic strains,
often containing a diverse range of toxigenic
cyanobacteria that produce various cyanotoxins [1]. Such
cyanotoxin mixtures could have several effects on
organisms and are commonly found in freshwater [2].
Chemically, cyanotoxins can be peptides, amino acids,
alkaloids, and even lipopolysaccharides that act as
endotoxins; whose structure is responsible for its
pathogenic capacity [3]. Globally, an important factor
why the massive cyanobacterial proliferation has a
negative environmental impact is ascribed to the possible
accumulation of toxins [4]. Indeed, although most toxic
biologically active products are confined inside
cyanobacterial cells, once cells are naturally or
artificially induced death, they can be released into the
surrounding water. Thus, in addition to its high toxicity,
it is worth highlighting its capacity for bioaccumulation
[5], [6] and biomagnification [7].

The potential risk of these toxic metabolites remains
mostly unknown [8]. MCs (microcystins) have been
studied; especially MC-LR (microcystin-LR) variant [9],
[10]. According to the WHO, the exposure of humans to
cyanobacteria and their metabolites brings with it effects
of varying severity [11], depending on the amount and
type of cyanotoxin and the route of exposure [12]. In fact,
few episodes of severe or lethal poisoning have been
reported in humans after short-term exposure, probably
due to the unpleasant appearance and taste of water
contaminated by cyanobacteria blooms, preventing its
ingestion to a toxic level [13]. However, prolonged
exposure to low concentrations could be a critical
problem [14].

For drinking water, 1 pg/L total MC-LR has been
provisionally recommended by the WHO as a guideline
value, being 0.04 pg/kg body weight, the tolerable daily
intake suggested [11]. Nevertheless, it is important to
note that MC-LR levels in water bodies could exceed this
value. Indeed, 0.1-0.3 pg/L limit has been established by
the US-EPA [14], adopting its own regulation on the
safety of water for consumption, in response to WHO
guidelines. Around the world, this problem has increased
in frequency and extent [15], largely due to the lack of
inclusion of monitoring systems [16], and above all to the
lack of studies on cyanopeptides beyond MCs (Janssen,
2019), and the predominance of other types of variants,
such as MC-YR and MC-RR [17]. Additionally, the
global warming impact and the lack of measures to

prevent or reduce discharges to water sources favor
optimal conditions for its proliferation [18].

Consequently, over recent decades, harmful algal blooms
(HABs) have risen in continental surface waters [19],
[20]. Particularly, in the case of non-developed countries
and due to the anthropogenic activity intensification and
massive use of fertilizers, a pronounced increase has been
recorded [21]. As a matter of fact, Wei and collaborators
sampled 59 lakes and 37 reservoirs in China. The authors
found MCs in 100% and 84% of the lakes and reservoirs,
respectively, highlighting the wurgent need of
strengthening the monitoring and control of these
microcystins in water [22]. In the case of Colombia, MCs
and HABs have been identified recurrently in several
water reservoirs [23], [24], [25], [26]. However, the
Colombian environmental legislation has not included
the maximum allowable limit of cyanotoxins in water yet
[27], since there is a lack of cyanobacterial bloom
recording in a systematic way [28]. In 2011, the Instituto
Nacional de Salud (INS) published a guide that aims to
establish guidelines for sampling them in distribution
systems following the decree 1575 of 2007 and its
complementary resolution regulations [29].
Nevertheless, the risk ascribed to cyanotoxin presence in
water is still unnoticed.

Regarding the water treatment process, conventional
purification systems can retain cyanobacterial cells;
however, they are not effective in the removal and
mineralization of toxins [30]. In fact, chlorination can
cause cell lysis and the subsequent intracellular toxin
release into the medium [31], [32]. This is why in recent
years new techniques have been proposed such as
advanced oxidation processes (AOP); among them
ultrasound (US) [33], which serves to degrade
cyanotoxins and control the proliferation of
cyanobacteria [27], [34]. Likewise, it is of utmost
importance for future large-scale applications to evaluate
whether this technology could be considered an optimal
alternative with which water treatment plants operate and
if, in fact, it would provide a significant improvement in
quality. of the waters, controlling the growth of
cyanobacteria in the long term and eliminating the
harmful effects caused by these microorganisms.
However, it is necessary to consider limitations, such as
the range of ultrasound and algal mass. It is essential,
therefore, to expand knowledge in this field, and to delve
deeper into the effectiveness of the treatment and its
optimization.
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Under this scenario, this work evaluates the power of
low-frequency ultrasound for the elimination of high
concentrations of cyanotoxins present in water, such as
MC-LR for different time intervals.

2. Methods and materials
2.1. Surface water samples

On September 2, 2022, 40 L of surface water were
collected in a Colombian reservoir, where, despite the
prolonged rainy season, a cyanobacteria bloom was
found. The sonication tests were carried out with this
volume of water. Additionally, samples were taken for
water quality analysis. For cyanotoxin analyses, the
antimicrobial 2-chloroacetamide,
ethylenediaminetetraacetic acid and trizma® were added
as conservation agents [35]. Previously, a sampling
campaign was carried out on November 26, 2021, in
which no bloom was evident.

2.2. Reagents and chemicals

Ultrapure water was used for preparing solutions
(Millipore Pty Ltd, USA). All chemicals and reagents
used were of analytical grade. For the solid phase
extraction (SPE) process, HPLC grade methanol
(CH30H) was used (purity > 99.8%). Additionally, for
quantification in  the  high-efficiency liquid
chromatograph, analysis-grade solid ammonium formate
(NH4 HCOy) (purity > 99.9%), ultrapure gaseous argon
(Ar) and nitrogen (N2) were used, as well as certified
standards of cyanotoxins (MC-LR, MC-RR, NOD and
MC-YR) (purity > 95%) from Eurofins Abraxis
(Warminster, USA).

2.3.  Sonochemical reactor

The experimentation was carried out using low-
frequency ultrasound equipment (Meinhardt, Germany),
which allows operating 5 different powers (10, 20, 30, 40
and 50 W). The reactor is coupled to a transducer and has
a 500 mL-capacity cylindrical glass vessel. Ultrasound
waves were generated at a fixed frequency of 40 kHz.
Approximately 10% of the power produced is lost mainly
in the form of heat, which was measured by means of the
calorimetric method [36]. For its control, the reactor
vessel has a water recirculation that mitigates the increase
in the solution temperature, which was maintained
around 27 £3°C, with a cooling temperature of 21 +1°C.
During the experiment, the reactor full capacity was used,
and 50 mL aliquots were extracted after the established
exposure times (5, 10, 20 and 30 min), in addition to a
control (0 min).
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2.4. Experimental design

The natural matrix was subjected to 3 different
sonochemical tests. At 40 kHz, the power and exposure
time were increased, obtaining samples under a
minimum, average and maximum power of 10, 30 and 50
W, at time intervals of 5, 10, 20 and 30 min. in addition
to a control or untreated sample (0 min) for each test. The
maximum reaction time in each test was 30 min, with an
aliquot of 50 mL of sample being taken at time intervals.
A total of 15 samples including controls were obtained
for each test. All tests were conducted in the natural water
matrix. The concentration of cyanotoxins was
determined at the beginning and at the end of each
treatment.

Given the difficulty of working with natural samples and
obtaining equal experimental units, of 500 mL each, a
control without treatment (0 min) was carried out for
each test, given that shaking does not guarantee its
homogeneity. This is why some of the differences seen
between one replicate and another may be due to the
disparate content of cyanotoxins present in the natural
water samples, which significantly influences the
standard deviation of the values obtained after the
analyses. Additionally, it should be noted that each
treatment was carried out in triplicate.

2.5. Methods of analysis

An ACQUITY UPLC H-Class liquid chromatograph
coupled to Xevo TQD UPLC/MS/MS (Waters, USA)
was used for the analysis of cyanotoxins, prior to the
preparation of the samples by means of the extraction and
concentration of the analyte of interest, through the SPE
technique. The above, based on the internal protocol of
the GDCON research group (GE-PA-089-GDCON v03)
[35]. All experimentation was carried out at room
temperature 20 £2°C.

Since we worked with a natural matrix, and in order to
cause the rupture of the cyanobacteria cell wall, each
sample was subjected to a process of 3 freeze-thaw
cycles. In this way, the aim was to obtain the greatest
possible amount of extracellular toxins. The
quantification limit (LQ) of the chromatographic analysis
method is 0.1 pg/L. Additionally, filtration of each of the
samples was necessary, due to the high content of algal
biomass (Figure 1), for which 0.45 um glass fiber filters
were used. It should be noted that the sonication process
was carried out in the natural matrix without filtering.
The filtration was carried out later to be able to carry out
the SPE process.
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Figure 1. Sample filtration process.

2.5.1. Extraction and concentration

Subsequently, the samples were subjected to SPE
process, for which Oasis 60 mg/3 mL HLB extraction
cartridges (Waters, USA) were utilized. Before starting
the process, the manifold hoses were washed with the use
of syringes, passing a 90:10 water-methanol solution, to
eliminate possible interferences. The cartridge is
conditioned by rinsing and without letting it dry, with 10
mL of methanol (HPLC grade), by gently dripping
through the manifold, followed by 10 mL of ultrapure
water. Then, each previously filtered water sample
contained in 50 mL volumetric flasks is introduced under
vacuum through the conditioned cartridge at a flow rate
of 5 mL/min. Afterwards, the analytes are eluted with 10
mL of methanol, to 25 mL vials. Additionally, the sample
is dried using a gentle flow of air (O,) for approximately
2 h under constant observation, until a reduced volume of
approximately 1 mL is obtained. This is taken to a 5 mL
volumetric flask, washing the vial with small amounts of
90:10 methanol-water solution and making up the
volume with this same solution. Finally, the solution is
taken to a 2 mL amber vial with a UPLC-certified slotted
septa cap. In this way, a concentration factor of 10 is
obtained. As an analytical control, a blank, a control of 1
and/or 5 pg/L, an enriched sample and a replica of this
were used for each batch of 20 samples, following the
requirements of the Quality Management System of the
GDCON group.

2.5.2. Extraction and concentration

30 L samples were injected into the equipment. A
separation column Kinetex C18, 1.7 pum particle size, 2.1
mm x 50 mm, was used to separate the analytes. The
operating conditions of the UPLC equipment were: 15 °C
(sample temperature), 0.25 mL/min (flow), 30 °C
(column temperature), 10 min (run time); agueous mobile
phase: water-methanol 95:5, 5 mM ammonium formate,
and organic mobile phase: methanol-water 95:5, 5 mM
ammonium formate. On the other hand, the operating
conditions for the mass spectrometer were the following:
350 °C (desolvation temperature) and 150 °C (source
temperature), desolvation gas flow (N2) and cone gas
flow (N2) of 650 L/h and 50 L/h, respectively, capillary
voltage of 3.5 kV and ESI ionization (+).

The working range of the calibration curve was 1-50
Mg/l (1, 5, 10, 20, 30, 40 and 50 pg/L). To prepare the
standard solutions, a cyanotoxin mixture of 200 pg/L in
HPLC grade methanol was used. The LQ was 1 pg/L.
The values detected in the samples below this value are
reported as less than the LQ (<LQ).

3. Results and discussion

In total, four cyanotoxins were analyzed: three variants
of MCs (MC-YR, MC-RR and MC-LR) and nodularin
(NOD), all of them hepatotoxins. In the previous sample
from November 2021 (Table 1), the presence of MCs was
detected, except for MC-YR; However, in the sampling
carried out in September 2022, the three MC variants
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were detected in high concentrations. In none of the
cases, the presence of NOD was detected. From this last
sample, the sonication tests were carried out. In general,
the MC-LR concentrations were considerably higher
than the other MCs. Specifically, in order of magnitude
the concentration of cyanotoxins was MC-LR>MC-
RR>MC-YR, reaching a value above 6 mg/L of MC-LR.
The other MCs were found in much lower
concentrations, below 1 mg/L.

Table 1. Concentration of cyanotoxins in the reservoir
(photic zone)
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Figures 2, 3 and 4 show the results obtained regarding the
cyanotoxins removal throughout the sonication tests;
however, no significant degradation percentages were
achieved. Indeed, when using natural samples, the initial
concentration of cyanotoxins varied for each assay, so
normalized values are presented to facilitate their
interpretation. Additionally, although the tests were done
in triplicate, it was necessary to omit the atypical values
observed in the first run, since initially the samples were
not filtered prior to the SPE process, which did not allow
adequate extraction and concentration. of the analyte,
observing values very far from the average compared to
the other two runs.

It is also evident that sometimes the concentration of
cyanotoxins increase with respect to the initial
concentration, which could be due to the fact that certain
cells managed to remain intact after the freeze-thaw cycle
and cell lysis occurred during the sonication process, and
only until then, the release of intracellular cyanotoxins
occurs.
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However, in the tests under the maximum power of 50
W, a slight decrease, approximately 10%, in the
concentration of MCs is observed.

It has been reported that ultrasound is effective for the
elimination of cyanotoxins, such as MCs generated by
Microcystis aeruginosa [34]. However, as mentioned, the
effectiveness of the sonication process will be given by
the adjustment of operating factors such as the duration
of exposure to ultrasound waves and the frequency,
intensity (or power) [37]. In this sense, [38] tested
various frequencies (410, 150 and 20 kHz at 30 W)
obtaining a reduction of MCs by 70.6% and 65.2% at 150
and 410 kHz, after 20 min of sonication. However, when
evaluating the effect of power intensities (90, 60 and 30
W at 20 kHz), 63.6%, 50.2%, and 18.1% of the MCs were
degraded, respectively, after 20 min of sonication. This
indicates that intermediate frequencies produced a
relatively better efficiency in terms of the degradation of
MCs, while at low frequencies it was necessary to
increase the sonication powers to obtain a considerable
degradation rate [38]. In this regard, the removal rate
accelerates with increasing ultrasonic intensity.

In this study, although it has been worked with a very
similar frequency range and powers (10, 30 and 50 W at
a fixed frequency of 40 kHz), degradation percentages
were as significant as reported by Ma et al., who suggests
that the high concentrations of cyanotoxins in water [38],
as proposed by Chen et al. [39], greatly influences the
degradation efficiency. In this way, when evaluating the
effect of the initial concentration on the degradation of
MCs, they obtained lower removal percentages as the
initial concentration of cyanotoxins increased, even using
a power of up to 1200 W and a maximum concentration
0f 136.25 ng/L (about 70% in 15 min). It should be noted
that in the current research, even though the tests carried
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out had different initial concentrations as it was a natural
matrix, each of the samples started with considerably
higher concentrations, from a minimum concentration of
925.41 ug/L to a maximum concentration of 2595.42
pg/L for MC-LR. Additionally, Chen et al. also pointed
out that the MC elimination rate can reach its maximum
in a short time and then tends to stabilize. In this way,
they achieved a removal rate of 81% of MCs, in just 5
min, starting from a concentration of 12.43 pg/L under a
power of 1200 W; and managing to almost completely
eliminate MCs, up to 99%, after 15 min [39]. Therefore,
MCs can be rapidly degraded under ultrasound treatment
depending on their concentration in water.

On the other hand, it is important to highlight that,
although cyanotoxins are mostly confined to the interior
of cells, they are finally within the water after cell death.
Likewise, turbulence in water bodies can increase the
production and release of cyanotoxins [40], increasing
the risk of exposure to MCs during cyanobacteria bloom
periods. Consequently, it is possible to find high
concentrations of cyanotoxins in aquatic environments,
because of biotic and abiotic factors. As was evident in
the reservoir, whose concentrations reached magnitudes
even mg/L, instead of ug/L as is common. Therefore, it
is important that the sonication process tends not to
increase the release of toxins into the environment. This
is why Zhang et al. recommended the use of ultrasonic
power lower than 48 W at 80 kHz [41], finding that
higher power under prolonged irradiation caused an
undesirable effect, in terms of the release of MCs that
significantly increased extracellular concentrations.
Likewise, Ma and coworkers indicated that ultrasonic
irradiation of less than 5 min might not introduce the rise
of dissolved MCs [38].
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Figure 4. Degradation of cyanotoxins under maximum power (50 W) at 40 kHz.
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Additionally, cyanotoxin concentrations in water have
significant spatio-temporal variation, and episodes of
high-level peaks may be missed in the traditional
monitoring scheme. This was evidenced, in the sampling
campaigns carried out, by finding much lower
concentrations of MCs during pre-sampling, compared to
the concentrations detected months later, which probably
could have dissipated in the volume of water due to the
action of wind and rain. Thus, Caly et al. [23] detected
cyanotoxins in 6 of the 7 stations monitored, although at
minimum concentrations, which did not exceed the
guide-value established by the WHO. However, it is
required to incorporate representative and sensitive
alternatives that allow the detection of cyanotoxins even
at trace concentrations [41], [42].

4, Conclusions

MC-LR, MC-RR, MC-YR and NOD hepatotoxins were
analyzed. In the reservoir, the three MC variants were
detected in high concentrations. On the contrary, NOD
recorded <LQ in both sampling campaigns. In order of
magnitude, the cyanotoxin concentration was MC-
LR>MC-RR>MC-YR. Particularly, MC-LR was found
in considerably higher concentrations than the other
MCs. However, all of them exceeded the WHO
recommended guideline value of 1 pg/L for MC-LR,
reaching a value of up to 6.77 mg/L. In this regard, risk
assessment and mitigation efforts for cyanobacterial
blooms in reservoirs deserve greater attention,
considering the potential danger of exposure to
cyanotoxins, regardless of their use. Additionally, a
notable difference was evident in the concentrations of
cyanotoxins in the water between sampling campaigns,
so possibly the episodes of high concentrations may be
lost in the traditional monitoring scheme, as they have a
significant spatio-temporal variation.

Regarding the sonication tests, no significant degradation
rates were obtained after 30 min of treatment, which
indicates that at such high concentrations of MCs, up to
2595.42 pg/L for MC-LR, the use of powers in the range
of 10-50 W under 40 kHz, therefore, an increase in the
ultrasonic intensity is necessary in consideration of the
initial concentration of cyanotoxins, in order to obtain
much higher degradation percentages. Nonetheless, for
field applications, its effect on cyanobacterial cells and
the release of cyanotoxins to the aquatic environment
must also be considered. Thus, although it has been
demonstrated in recent years that the application of
ultrasound is effective for the elimination of cyanotoxins,
such as MCs, the effectiveness of the sonication process
will be given by the adjustment of the operating
parameters, including frequency, intensity (or power)
and the exposure duration to ultrasound waves.
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