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Abstract

:

The rise in cyanobacterial blooms due to eutrophication and climate change has increased cyanotoxin presence in water. Most current water treatment plants do not effectively remove these toxins, posing a potential risk to public health. This study introduces a water treatment approach using nanostructured beads containing magnetic nanoparticles (MNPs) for easy removal from liquid suspension, coated with different adsorbent materials to eliminate cyanotoxins. Thirteen particle types were produced using activated carbon, CMK-3 mesoporous carbon, graphene, chitosan, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidised cellulose nanofibers (TOCNF), esterified pectin, and calcined lignin as an adsorbent component. The particles’ effectiveness for detoxification of microcystin-LR (MC-LR), cylindrospermopsin (CYN), and anatoxin-A (ATX-A) was assessed in an aqueous solution. Two particle compositions presented the best adsorption characteristics for the most common cyanotoxins. In the conditions tested, mesoporous carbon nanostructured particles, P1-CMK3, provide good removal of MC-LR and Merck-activated carbon nanostructured particles, P9-MAC, can remove ATX-A and CYN with high and fair efficacy, respectively. Additionally, in vitro toxicity of water treated with each particle type was evaluated in cultured cell lines, revealing no alteration of viability in human renal, neuronal, hepatic, and intestinal cells. Although further research is needed to fully characterise this new water treatment approach, it appears to be a safe, practical, and effective method for eliminating cyanotoxins from water.
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Key Contribution: A practical, safe, and effective method for cyanotoxins removal was developed. Two nanostructured magnetic particles were selected from 13 adsorbent composites, removing 43% CYN, 99% ATX-A, and 57% MC-LR.










1. Introduction


The natural environment contains substances that can pose risks to the health and general well-being of humans and animals. Cyanotoxins deserve special mention due to their well-documented toxicity [1] and the increasing occurrences of poisoning in both animal and human populations [2,3]. Cyanotoxins are compounds synthesised by cyanobacteria, a phylum of photosynthetic prokaryotes that can be found in diverse environments including fresh, brackish, or marine waters, sunlight-exposed surfaces of rocks, and soils [4,5]. Cyanotoxins are predominantly found in the intracellular space of cyanobacteria. The exact biological purpose of these molecules remains unclear. Some hypotheses suggest that they might function as a defense mechanism against grazing or competition, while other authors suggest that they may play a role in the physiological functions of cyanobacteria [6].



Cyanotoxin production occurs during the proliferation of specific cyanobacterial species. Cyanobacterial blooms are rapid and substantial increases in cyanobacterial biomass within a short timeframe, often accompanied by a reduction in phytoplankton diversity [7]. Such blooms can result in extensive coverage of the water surface, sometimes changing the water’s colour [5], which is commonly termed a ‘blue-green algae bloom’. When these blooms are caused by toxin-producing cyanobacterial species, the concentration of cyanotoxins in the water can pose significant health risks to humans and animals [8]. Furthermore, some research studies have established a correlation between water eutrophication and/or climate change and an increase in the frequency of cyanobacterial blooms [9,10]. Consequently, this public health threat has prompted many countries and the World Health Organization (WHO) to actively implement legislative measures and recommendations aimed at reducing the adverse health effects of these toxins [11,12,13,14,15]. In fact, WHO has recently advocated for the comprehensive assessment of all microcystins in water sources when applying a 1 µg/L limit [13].



Over a hundred cyanotoxins with different origins, chemical structures, and characteristics have been identified. However, three toxin classes such as MC-LR, CYN, and ATX-A are particularly prevalent in freshwater blooms [16]. Evidence of the toxic effects of these substances in humans and animals has been accumulating over the years [17,18].



MC-LR acute intoxication signs in humans include liver damage, gastrointestinal upset, and fever [19]. In addition, numerous studies have investigated the long-term effects of MC-LR exposure, demonstrating its ability to induce liver, cardiovascular, and reproductive problems in mice [20,21,22,23]. The International Agency for Research on Cancer (IARC) has classified it as a potential tumour promoter [24]. In the early stages of oral intoxication with CYN, humans may experience anorexia, constipation, vomiting, headache, fever, and abdominal pain. Subsequently, renal and hepatic symptoms may intensify, leading to acidotic shock, bloody diarrhoea, and bleeding mucous membranes [25]. Symptoms of ATX-A poisoning, identified from the first confirmed human intoxication due to ingestion of ATX-A-contaminated seafood, may include gastrointestinal symptoms and neurological problems such as blurred vision, ataxia, muscle cramps, or paresthesia [17]. Evidence indicates human fatalities resulting from MC-LR intoxication [26], as well as animal deaths associated with the three cyanotoxins [27,28,29].



Current water treatment techniques focus primarily on the removal of cyanobacterial biomass, but the removal of free cyanotoxins from water is a more complex challenge [30]. Some studies support the efficacy of oxidising chemicals, which are already being used in conventional purification stations, in removing free cyanotoxins from water [31,32,33,34]. However, the generation of other harmful compounds like trihalomethanes [35] or the requirement for additional techniques such as UV radiation [36] contribute to the high cost and unsafety concerns of these treatments. Another method described in the literature is the use of bacteria capable of degrading cyanotoxins in water [37,38,39]. However, this mechanism requires long periods of time, and the introduction of these bacteria may disrupt the ecosystem [40]. These concerns make these methods not suitable for the safe and practical removal of cyanotoxins from water in treatment stations. In recent years, adsorbent materials like graphene oxide [41], organic polymers [42,43], waste biomass [44], protonated mesoporous graphitic carbon nitride [45], biochars [46], or carbon [47] have been tested. While their adsorption efficiency varies depending on the composition and size, the subsequent removal of these materials from the water proves challenging, and the remaining residues can be harmful to people.



In this study, a complementary method for toxin removal based on nanostructured, superparamagnetic particles composed of a porous biopolymeric matrix containing nano-/micro-particles is investigated. These non-aggregating macroparticles allow for practical withdrawal from liquid matrixes using magnetic forces or other physical methods. The effectiveness of cyanotoxin removal of thirteen types of nanostructured particles with different adsorbents has been explored. In addition, in vitro toxicity in cell cultures was also tested for an initial assessment of the animal and environmental safety of these materials.




2. Results


2.1. Cyanotoxin Adsorption by Thirteen Nanostructured Superparamagnetic Particle Types


Thirteen magnetic nanostructured particles with different coating materials for toxin adsorption (see Table 1) were tested for the removal of MC-LR, CYN, and ATX-A from the solution in water. For each experiment, 3 wet nanostructured particles (stored in Milli-Q water) were added to a volume of 4.5 mL of a solution of 60 μg/L MC-LR, 60 μg/L CYN or 10 μg/L ATX-A or Milli-Q water. Cyanotoxin concentrations were selected considering a moderately high contamination level of 60 µg/L of MC-LR, which can reach concentrations higher than 100 µg/L, but do not usually exceed 20 µg/L [13], and the same concentration was used for CYN. For ATX-A, owing to its smaller molecular size, the concentration was selected by matching MC-LR molar concentration. Adsorption kinetics were explored by collecting samples at different time points for 2 h. Longer exposure was not considered practical for water treatment plants. Constant shaking during the experiment ensured adequate contact of the nanostructured particles with the toxin in solution. Toxin adsorption was evaluated after quantification by UHPLC-MS/MS of the toxin concentration in water samples collected during the experiment. In addition, control samples of toxin solution in the same conditions except for the absence of particles were included in every experiment. Samples without nanostructured particles showed no loss of toxin during the assay. Adsorption is reported as the percentage of toxin that does not remain in solution after the indicated time from the addition of nanostructured particles.



The results showed variations in adsorption capability depending on the nanostructured particle type and the toxin. In general, MC-LR and CYN adsorption displayed a slow kinetics, with continuous linear increase along the experiment (Figure 1 and Figure 2, respectively), while adsorption kinetics was faster for ATX-A, reaching values close to a plateau at 60 min (Figure 3). To compare adsorption efficiency among particle types for the three toxins, data at 120 min were considered (Figure 4). None of the nanostructured particles displayed the highest efficiency for the three toxins. The best adsorption results for MC-LR were obtained with P1-CMK3, whose main adsorbent material is the ordered mesoporous carbon CMK-3. These particles removed 56.76 ± 3.8% (mean ± SD) MC-LR from the 60 µg/L solution. P12-MACP nanostructured particles, coated with a mixture of pectin and activated carbon, removed 42.47 ± 6.0% of the toxin. The amount of toxin adsorbed per gram of dry nanostructured particle was calculated using average particle weight (Table 1). Actually, the particles used for these experiments were never dried, because the rewetting of previously dried nanostructured particles demonstrated worse adsorption efficiency. Therefore, weighting of the very same dry particles used in the experiment was not possible. For P1-CMK3 and P12-MACP, the rate of MC-LR removed per gram of material was 6.75 ± 0.4 and 22.48 ± 2.7 μg/g, respectively. The other tested particles did not show significant elimination rates for MC-LR.



Regarding CYN, although it was the most problematic of the three toxins in terms of adsorption efficiency, nanostructured particles P9-MAC and P6-PAC exhibited better kinetics compared to the others (Figure 2). These particles are coated with two types of activated carbon on their surfaces. Merck-activated carbon particles, P9-MAC, exhibited a toxin removal of 43.00 ± 2.7% at 120 min from a 60 µg/L CYN solution, while Panreac-activated carbon particles, P6-PAC, showed a removal percentage of 22.14 ± 6.9% in the same conditions (Figure 4). For the P9-MAC nanostructured particles, the adsorption rate demonstrates a positive correlation with elapsed time, suggesting a continual increase without apparent saturation within the observed timeframe. In contrast, the adsorption of CYN by P6-PAC nanostructured particles seemed to reach a plateau around 60 min after addition, indicating that the maximum adsorption capacity may be attained within this specific time interval. The rates of CYN removed per gram at 120 min were 8.08 ± 0.3 μg/g for P9-MAC and 6.99 ± 1.9 μg/g for P6-PAC particles. For the other particle types, the adsorption percentage remained either negligible or zero.



Concerning ATX-A removal, it was observed that, although most nanostructured particles demonstrated some degree of toxin adsorption, three materials exhibited superior performance compared to others (Figure 3). Specifically, Merck-activated carbon particles, P9-MAC, showed the best results, achieving a removal rate of 98.76 ± 0.06% for ATX-A from a 10 µg/L solution, corresponding to an adsorption rate of 3.28 ± 0.6 μg/g. TOCNF nanostructured particles, P10-TOCNF, and Desotec-activated carbon particles, P8-DAC, followed, with removals of 93.04 ± 0.8% and 92.90 ± 0.6% corresponding to the adsorption rates of 5.8 ± 1.07 μg/g and 4.12 ± 0.81 μg/g, respectively, using the same experimental conditions. Particles P9-MAC and P10-TOCNF exhibited faster kinetics, with an almost maximum adsorption level after 60 min, whereas for P8-DAC adsorption at 120 min was clearly higher than at 60 min (Figure 3). Other nanostructured particles demonstrated fair adsorption effectiveness in ATX-A adsorption. Specifically, Panreac carbon particles, P6-PAC, revealed a removal rate of 69.28 ± 5.06% or 2.61 ± 0.28 μg/g; mesoporous carbon particles, P1-CMK3, exhibited a removal rate of 44.95 ± 1.9% or 1.32 ± 0.05 μg/g; and Cabot-activated carbon nanostructured particles, P7-CAC, showed a removal rate of 44.45 ± 1.66% or 3.87 ± 0.86 μg/g. Graphene nanostructured particles had medium to low effectiveness since they showed an adsorption rate of 49.11 ± 1.9% (2.04 ± 0.1 μg/g) for P2-G92 and 27.9 ± 1.33% (0.72 ± 0.03 μg/g) for P3-G99. Chitosan and calcinated lignin demonstrated insufficient efficacy in removing any of the three most prevalent toxins.



Following the adsorption procedure, desorption experiments were conducted with three particle types, P1-CMK3, P6-PAC, and P9-MAC, using 75% acetonitrile. For these three nanostructured particles, the recovery of the three toxins ranged from 60% to 100% of the adsorbed toxin.




2.2. Cyanotoxin Adsorption to Nanostructured Particles in Cyanobacteria Lysate


An extract of the cyanobacteria Aphanizomenon ovalisporum at a concentration of 1 mg biomass per mL of Milli-Q water was prepared by cell lysis using sonication and toxin concentration in this extract was quantified by LC-MS/MS. This extract contained 4500 μg/L and 47 μg/L of CYN and MC-LR, respectively, along with the presence of MC-LA and des-MC-LR at levels below 1 μg/L. Subsequently, particles P1-CMK3 and P9-MAC, which had the best performance in Milli-Q water in terms of adsorption ratios for MC-LR and CYN, respectively, were tested for toxin adsorption efficiency in the cyanobacteria extract. The experiments were performed as previously described with a 1:15 dilution of this aqueous extract. A control of Milli-Q water spiked with the same concentration of MC-LR and CYN as the diluted extract (3 µg/L and 300 µg/L, respectively) was carried out simultaneously. The presence of cyanobacteria lysate did not affect the adsorption efficiency of these toxins to P1-CMK3 and P9-MAC particles, since no statistically significant differences were detected between adsorptions to extract and Milli-Q water control (Figure 5).




2.3. Effect on Cell Culture Viability of Water Exposed to Nanostructured Particles


To ensure that the water exposed to these adsorbent nanostructured magnetic particles is harmless to humans, animals, and the environment, preliminary in vitro toxicity tests were carried out. Milli-Q water in contact with nanostructured particles for 120 min at 21 °C with constant shaking was added to cell cultures. Four human cell lines were selected for the evaluation of cell viability in the presence of these water samples: renal proximal tubule cells CAKI-1, neuroblastoma cells SH-SY5Y, large intestinal cells CACO-2, and liver cells HepG2. Cell number per well was optimised for each line to improve the detection of toxic effects within the first 24 h. Cytotoxicity was evaluated using the fluorescent cell viability test AlamarBlue by incubation of the cell culture with particle-exposed water samples at a final 50% (v/v) concentration. Fluorescence measurements were performed at 4, 8, 12, 24, and 48 h after the addition of water samples to the wells. The results are expressed as a percentage of viable cells in the testing condition, considering control cells incubated with water that was not exposed to particles as 100% viability reference. In these experiments, samples of water exposed to adsorbent particles did not alter cell viability in any of the four cell types (Figure 6). Although there seems to be a slight reduction of viability of CACO-2 cells at 4 h, there was no statistically significant difference between the fluorescence intensity obtained from cells incubated with water exposed to nanostructured particles and Milli-Q water controls.





3. Discussion


This study evaluates the effectiveness of particle composites of adsorption materials with MNPs for cyanotoxin removal from water. The particles’ dimensions and composition provide adequate dispersion in aqueous suspension and enable efficient extraction using a magnet, though other separation techniques, such as sedimentation or filtration, can be used to remove them from water. With an adequate system design, the magnetic properties of these particles offer the possibility of dynamic cycles of addition and withdrawal of particles from water in order to efficiently remove cyanotoxins, with cycling conditions that could be adapted to the contamination level. These characteristics make this technology highly suitable for integration into drinking water treatment plants and other water treatment facilities tailored for farming and agricultural purposes, with the purpose of removing free cyanotoxins in water after the withdrawal of cyanobacteria cells.



Thirteen nanostructured particle types were tested, with twelve different adsorption materials or different proportions of these materials, for the removal of the representative toxin of the three most prevalent cyanotoxin classes in freshwater. Nonetheless, the complexity and structural diversity of cyanotoxins have posed a challenge, as none of the tested particles has demonstrated full efficacy in eliminating the three cyanotoxins from water; instead, some particles were effective in removing one or two of these cyanotoxins. One of the main factors influencing the adsorption of cyanotoxins appears to be the pore size of the particles. Mesoporous carbon particles, P1-CMK3, were effective in eliminating MC-LR, probably because of their larger diameter pores, between 2 and 50 nm [48], which would favour the adsorption of high molecular weight toxins. On the other hand, the particles P6-PAC, P7-CAC, P8-DAC, and P9-MAC are composed of different activated carbon varieties, which have a higher content of micropores, with diameters below 2 nm [48]. The micropores probably play a crucial role in facilitating the retention of smaller molecular-sized toxins such as CYN and ATX-A. However, activated carbon particles vary in their ability to remove CYN and ATX-A, with Merck- and Desotec-activated carbon being more effective. Different adsorption properties among activated carbons from varied origins have been previously reported and attributed to the diversity of the source material for fabrication, each possessing unique characteristics [49].



Another plausible explanation for the adsorption results of CYN and ATX-A by activated carbon could be electrostatic charges. Under the experimental pH conditions (pH 5.7), activated carbon has a negative charge [50], whereas CYN has a neutral charge [51] and ATX-A has a positive charge [52]. Electrostatic interactions may cause the toxin to be attracted to the particle, with a more pronounced effect observed in the case of ATX-A. For MC-LR, this toxin carries a net negative charge at the pH conditions of the experiment, possibly contributing to the limited adsorption to activated carbon.



A noteworthy case is the P12-MACP nanostructured particles, sharing the same activated carbon as P9-MAC nanostructured particles (Merck-activated carbon) but with the addition of esterified pectin. The introduction of pectin led to a significant reduction in the efficacy of removal of low-molecular-weight toxins (CYN and ATX-A), while substantially enhancing the adsorption of MC-LR. A reduction of low-molecular-weight toxin adsorption was observed in P13-PACP particles, composed also of Panreac-activated carbon and pectin. The reduction of small toxin adsorption might be attributed to the occlusion of activated carbon small pores by pectin, preventing the binding of CYN and ATX-A. The enhancement in MC-LR adsorption, which is evident in P12-MACP nanostructured particles, could plausibly arise from either van der Waals forces, owing to the complex molecular structure of MC-LR featuring charged regions, or hydrogen bond interactions between hydroxyl groups of toxin and pectin. Electrostatic charges appear to be of minimal significance in this interaction, as MC-LR and the polysaccharide possess negative charges [53].



In addition to activated carbon composites, the TOCNF nanostructured particle, P10-TOCNF, exhibited notable adsorption of ATX-A, while graphene nanostructured particles, P2-G92 and P3-G99, showed fair adsorption. Electrostatic charge is an important factor in this scenario. The oxidation process applied to the cellulosic material of P10-TOCNF provides a negative charge to the particle [54], increasing its attraction to the positively charged ATX-A [52], which probably contributes to the remarkable adsorption values observed for these particles. However, it is worth noting that the hydrophilicity induced by this oxidation could also play a role in material adsorption [54]. Conversely, graphene maintains a neutral charge at the pH of the experiments [55], which suggests an absence of repulsive forces between the toxin and the adsorbent that may account for its moderate efficacy in ATX-A removal when compared with composites with attractive forces.



The particles with the best rates of toxin removal are P1-CMK3 for MC-LR, with a ratio of toxin adsorption per weight of 6.75 μg/g, and P9-MAC for CYN and ATX-A, with ratios of 8.08 and 3.28 μg/g, respectively. Toxin adsorption to these two particles is not affected by the presence of other cyanobacteria metabolites in the same aqueous solution, which might be released simultaneously to cyanotoxins owed to cell lysis caused by environmental factors or water treatment processes. Additionally, a high percentage of toxin was recovered after desorption of the three toxins from toxin-exposed particles, demonstrating that most of the toxin loss during the adsorption process is due to binding to the particles, and suggesting that no degradation of the toxin occurs. However, desorption protocols would have to be optimised to improve toxin recoveries in the future.



When compared to other toxin adsorption studies, the adsorption capacity achieved with these particles generally appears to be lower. However, several factors affect adsorption capacity measurements. Primarily, the inclusion of a magnetic component in the composite adds weight, due to the magnetite’s high density, without contribution to toxin adsorption. This observation is evident when comparing particles with and without a magnetic core. For instance, particles lacking a magnetic component demonstrate enhanced adsorption rates for MC-LR, when compared to adsorption studies utilising magnetic particles. Actually, adsorption for non-magnetic particles was 282 μg/g for titanium dioxide nanoparticles [56], 150 μg/g for iron oxide microparticles [57], and 3640 μg/g for polymer particles [43], while rates for magnetic particles were 160 μg/g for magnetic mesoporous silica nanospheres [58] or 168 μg/g for carbon magnetic nanoparticles [47]. Despite this, the presence of a magnetic core proves practical for the removal of particles, particularly when integrated into a real water treatment system. Another significant factor influencing adsorption is particle size, with smaller particles offering increased bonding surfaces and pore accessibility [59,60]. In contrast to the particles tested in this study, which are comparatively large (with diameters in the range of 1.4–3 mm), the existing literature reports particles with dimensions ranging from 10 to 100 nm [42], 400 to 500 nm [56], 500 nm [58], 700 nm [47], and 50 to 70 µm [57] with better adsorption. However, reducing particle size diminishes magnetic capacity [61], making extraction from water more challenging. In addition, both the incubation time and the initial toxin concentration play crucial roles. Higher concentrations generally lead to a higher amount of toxin adsorbed per gram of material, since more toxin is available to be adsorbed. Furthermore, higher incubation times increase the possibility of particle saturation. In this study, a moderately high initial toxin concentration was chosen in the range of reported concentrations in natural water conditions, considering that although MC concentrations can reach values higher than 100 µg/L, they rarely exceed 10–20 µg/L [13]. Additionally, practical incubation time of 120 min was chosen to be consistent with treatment plant operations. Previous studies have employed a wide range of initial concentrations, from 250 µg MC-LR/L [57] to 5 µg/L [56], and varied incubation times, from 48 h [56] to 5 min [58]. The diversity of these variables complicates the correlation of effectiveness with these factors.



While most publications aiming at the removal of freshwater toxins focus on the most common toxin, MC-LR, several studies have also investigated CYN and ATX-A adsorption. The factors influencing the adsorption of these toxins appear to be similar to those mentioned above for MC-LR. These studies reported adsorption ratios of 32.4 μg CYN/g and 6.8 μg ATX-A/g for magnetic carbon nanoparticles [47] or an adsorption capacity of 272.86 μg CYN/mg for magnetic polypyrrole particles [42]. In addition to particle size, other experimental conditions for these toxins that differ from our work may affect efficiency differences. As previously discussed for MC-LR, the particle size in these studies is in the nanometre range, which complicates particle extraction from the water.



None of the studies reported in the bibliography have evaluated the potential toxicity to humans or the environment of water in contact with toxin removal materials, which is crucial, as compounds or components might be released during the detoxification process that could be harmful to humans or the environment. Consequently, this study is emerging as one of the first to address the potential toxicity of toxin removal composites as a final product. The results indicate that water in contact with the particles for 2 h does not exhibit toxicity towards kidney, neuronal, liver, or intestinal cells. These cell types were selected as more susceptible to toxic effects due to the increased probability of exposure after oral intoxication through drinking water and critical physiological functions. However, it has been demonstrated that the current chemical agents utilised in water treatment processes can generate carcinogenic substances, such as trihalomethanes [35]. Therefore, the introduction of this technology into water treatment plants during toxic blooms would lead to a reduction in the usage of these chemical agents, whose concentration must be substantially increased for efficient toxin elimination [32], resulting in improved drinking water safety.




4. Conclusions


This study introduces a practical and effective method for removing cyanotoxins from water using magnetic nanostructured particles. Thirteen particle types were examined, and particularly those incorporating activated carbon (P9-MAC) and mesoporous carbon (P1-CMK3) on their surface exhibited the most favourable outcomes. P9-MAC particles demonstrated a remarkable 99% elimination of ATX-A and 43% of CYN, while P1-CMK3 achieved a 57% reduction in MC-LR within a solution of contaminated water at a toxic concentration. Importantly, in vitro viability experiments conducted on kidney, liver, intestinal, and neuronal cells revealed the post-treatment water not to be toxic. These findings suggest the potential of this method for effective and safe cyanotoxin elimination. However, further studies are needed to assess their effectiveness in different water scenarios, considering variations in pH, temperature, or organic matter concentration, as well as their in vivo toxicological effects.




5. Materials and Methods


5.1. Chemicals and Reagents


Acetonitrile (AcN) and methanol (MeOH), UHPLC quality, were supplied by Panreac Quimica S.A. (Barcelona, Spain). Formic acid was from Merck (Madrid, Spain). Water was purified using a Millipore Milli-Q Plus system (Millipore, Bedford, MA, USA). Durapore centrifugal filters ultrafree-MC (0.22 µm pore size) were from Millipore and nylon Spin-X® centrifuge tube filters (0.22 µm pore size) were from Corning (New York, NY, USA). Certified reference materials of MC-LR, CYN, and ATX-A were provided by Cifga S.A. (Lugo, Spain). Analytical grade materials of MC-LR and CYN were provided by Enzo Biochem (New York, NY, USA). Both analytical materials were dissolved in water at a concentration of 100 µg/mL.



All in vitro culture media used, phosphate-buffered saline (PBS), foetal bovine serum (FBS), non-essential amino acids solution, trypsin–EDTA solution, and penicillin/streptomycin solution with 5000 units/mL and 5 mg/mL, respectively, were from Gibco (New York, NY, USA). Culture flasks and 96-well white, clear-bottom microplates were from Corning (New York, NY, USA).



For the nanostructured particle preparation, all chemicals were of analytical grade and used without purification. Ferric chloride (FeCl3·6H2O) was obtained from Alfa Aesar (Madrid, Spain), surfactant Tween 20 from Fluka (Steinheim, Germany), commercial activated carbon powder (MW = 12.01 g) was obtained from PANREAC (Madrid, Spain), and ferrous sulfate (FeSO4·7H2O), calcium chloride (CaCl2), ammonium hydroxide (NH4OH, 28%), and sodium alginate were purchased from Sigma-Aldrich (Saint Louis, MO, USA).



Low-molecular-weight chitosan (MW: ~50.000) was from Glentham Life Sciences (Corsham, UK), powder extra pure activated carbon from Merck (Darmstadt, Germany), powder activated carbon organosorb 200-1 WB sample from Desotec (Roeselare, Belgium), carbon black sample from Cabot Corporation (Alpharetta, GA, USA), graphene 92 and graphene 99 samples from GreenTech (Navarra, Spain), kraft lignin Lineo classic sample from Stora Enso (Kotka, Finland), and esterified pectin (esterification degree, 67 to 71%) from Acros Organics (Geel, Belgium).




5.2. Adsorbent Magnetic Nanostructured Particles


Magnetic nanostructured particles were synthesised via the extrusion method, incorporating magnetite (Fe3O4), iron oxyhydroxide (FeOOH), or cobalt ferrite (CoFe2O4) NPs with sodium alginate and other adsorptive components, using CaCl2 as the cross-linking agent.



Fe3O4 NPs were synthesised by reverse coprecipitation method [62]: CoFe2O4 NPs by the coprecipitation method using the same procedure described elsewhere [63], and FeOOH NPs via a direct hydrolysis method [64]. The NPs were cleaned and dispersed in Milli-Q water until use.



For the preparation of the magnetic nanostructured particles, a specific quantity of NPs (see Table 1) and adsorptive components were mixed under mechanical agitation at room temperature for approximately 4 h. The resulting magnetic solutions were then slowly added dropwise using a flux velocity of 1.5 mL/min into a coagulation bath containing 100 mL of 0.13 M CaCl2 and 450 µL Tween 20 under continuous magnetic agitation at 500 rpm using a New Era NE-300 syringe pump. Upon this addition, magnetic particles instantly formed and were left in the coagulation bath for 20 min to harden. Afterwards, the particles were cleaned with distilled water and stored in refrigerated Milli-Q water.



Morphology, structure, texture, and magnetic properties of nanostructured magnetic composites were studied in a previous work [65], where specific surface area and pore distribution were also explored for activated carbon composites. In addition, the particles demonstrated acceptable stability through several adsorption/desorption cycles of other contaminants.




5.3. Adsorption Experiments


Adsorption effectiveness was assessed after incubation of 3 nanostructured particles with 4.5 mL of cyanotoxin solution in Milli-Q water (pH 5.7) in a glass tube with constant shaking at an average temperature of 21 °C. MC-LR, CYN, and ATX-A were tested separately. Toxin concentrations were 60 μg/L for MC-LR and CYN and 10 μg/L for ATX-A. Samples (120 μL) were collected before and 10, 30, 60, and 120 min after adding the nanostructured particles. Adsorption efficacy was evaluated through toxin quantification using ultra-high-performance liquid chromatography coupled with tandem mass spectrometry (UHPLC-MS/MS). For each condition, at least 3 independent experiments were performed.



Adsorption experiments on cyanobacterial extracts were carried out using only the most promising particles. A total of 15 mg of a lyophilised Aphanizomenon ovalisporum sample (kindly provided by CIIMAR, Matosinhos, Portugal) was sonicated in 5 mL of Milli-Q water for 9 cycles, each consisting of a 1 min sonication pulse at 95% amplitude followed by a pause of 30 s. After sonication, the sample was centrifuged at 5000× g for 4 min at 4 °C. The pellet was resuspended with 5 mL of water and the process was repeated 3 times. Supernatants were pulled together and stored at 4 °C. A 1:15 dilution of the extract in Milli-Q water was then prepared for the adsorption experiments. Throughout the adsorption experiment, a control of Milli-Q water contaminated with the same concentration of toxins present in the diluted extract was run in parallel to the cyanobacteria lysate.



Desorption experiments were performed by washing the particles three times with Milli-Q water, followed by the addition of 2.25 mL of 75% acetonitrile. After shaking for 60 min at 21 °C, a sample of the desorption solution was evaporated, resuspended in the same volume of Milli-Q water, and quantified by UHPLC-MS/MS.




5.4. Cyanotoxin Quantification by Liquid Chromatography Coupled to Mass Spectrometry


Cyanotoxins present in water samples were quantified using a 1290 Infinity UHPLC system coupled to an Agilent G6460C Triple Quadrupole mass spectrometer equipped with an Agilent Jet Stream ESI source (Agilent Technologies, Waldbronn, Germany).



Before conducting the analysis, samples were filtered using nylon centrifuge filters for ATX-A and CYN, and PVDF centrifuge filters for samples containing MC-LR. Different filters were used due to the retention of ATX-A by PVDF filters and of MC-LR by nylon filters. After filtration, the samples were placed in the UHPLC autosampler at a temperature of 4 °C. Usually, detection was performed immediately after the experiment but, if required, samples were stored at −20 °C. The sample injection volume was 5 μL. Subsequently, liquid chromatography separation was performed using an ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 µm, Waters) at 35 °C. The mobile phases consisted of water (A) and AcN (B), both containing 0.05% formic acid, with a flow rate of 0.4 mL/min. For CYN and ATX-A, the gradient of mobile phase B was as follows: 2% for 4 min, linear increase to 70% over 4 min, 70% for 1 min, linear decrease to 2% over 1 min, and final re-equilibration at 2% for 3 min. For MC-LR, the gradient of mobile phase B was as follows: 2% for 4 min, linear increase to 85% over 4.5 min, 85% for 4 min, linear decrease to 2% over 1 min, and final re-equilibration at 2% for 4 min.



Regarding mass spectrometry, the optimised electrospray ionisation (ESI) source parameters were as follows: sheath gas flow rates of 12 L/min for MC-LR and 11 L/min for CYN and ATX-A; gas temperature of 280 °C for MC-LR and 250 °C for CYN and ATX-A; gas flow rate of 8 L/min; nebulizer pressure of 30 psi; capillary voltage for positive ionisation of 3500 V for MC-LR and 3000 V for CYN and ATX-A; and nozzle voltages for positive ionisation of 1500 V for MC-LR and 1000 V for CYN and ATX-A. MRM acquisition mode was used for toxin identification and quantification. For MC-LR, the quantification transition was 498.28 > 135 (collision energy (CE) and fragmentor were 8 and 105, respectively); confirmatory transitions were 995.56 > 135 (CE of 80 and fragmentor of 220) and 498.28 > 861.4 (CE of 8 and fragmentor of 105). For CYN, quantification was carried out with transition 416.13 > 194.2 and confirmation with 416.13 > 336.1 (CE and fragmentor parameters were 36 and 160, respectively). Regarding ATX-A, 166.13 > 43.2 was used as a quantification transition, and 166.13 > 91.1 was used for confirmation (CE and fragmentor values were 28 and 90, respectively). Positive polarity was used for all molecules and the collision-activated voltage (CAV) was set at 1.



Duplicate calibration curves were generated for each analysis, covering concentrations of MC-LR and CYN ranging from 0.25 to 128 µg/L, and ATX-A ranging from 0.05 to 30 µg/L. Each sample was quantified twice; the results of each condition in one experiment are the average of both measurements.




5.5. Cell Line Cultures


Four cell lines were used to evaluate the in vitro toxicity of these materials: proximal tubular renal cells CAKI-1 at passages 8–18, neuroblastoma cells SH-SY5Y at passages 30–40, liver cells HepG2 at passages 3–10, and large intestine cells CACO-2 at passages 25–35. Media used to maintain the growth of cell cultures were RPMI 1640, DMEM/F12, and MEM supplemented with 10% FBS and 1% penicillin/streptomycin for CAKI-1, SH-SY5Y, and HepG2, respectively. For CACO-2, MEM medium supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% non-essential amino acids was utilised. All cell lines were cultured in 75 cm2 flasks and subcultured when the cell confluence reached 80%.




5.6. Cytotoxicity Evaluation in Cell Cultures


Water samples exposed for 2 h to the nanostructured particles in the absence of toxins were pipetted from experiments performed under the previously described conditions (4.5 mL of Milli-Q water, 3 particles, constant shaking). Experiments for cytotoxicity evaluation were conducted in 96-well white, clear-bottom microplates. AlamarBlue cytotoxicity assay (ThermoFisher, Waltham, MA, USA) was employed as viability reporter. Prior to conducting the experiments, cells were collected from maintenance flasks, transferred in 80 µL to plate wells, and allowed to attach to the well bottom for 24 h. Cell concentrations per well were 1500 cells for CAKI-1, 8000 cells for SH-SY5Y, 2500 cells for HepG2, and 5000 cells for CACO-2. Then, the sample and AlamarBlue were added to the plate well with a final concentration of 50% and 10% (v/v), respectively. For each experiment, a positive viability control using Milli-Q water and a negative viability control employing saponin at a concentration of 1 mg/mL were conducted. Fluorescence generated following AlamarBlue reduction by viable cell metabolism was measured at 4, 8, 12, 24, and 48 h using a plate reader (Synergy, Biotek, Winooski, VT, USA) with excitation and emission wavelengths of 530 nm and 590 nm, respectively.




5.7. Statistical Analysis


All data are expressed as mean ± SD and were obtained from at least 3 independent experiments performed in duplicates for adsorption assays and in triplicates for cell viability assays. Statistical comparison was conducted by one-way ANOVA, utilising GraphPad Prism 9 (GraphPad Software, Inc., La Jolla, CA, USA). p values < 0.05 were considered statistically significant.
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Figure 1. Adsorption kinetics of thirteen types of adsorbent nanostructured magnetic particles for MC-LR. For each one, three nanostructured particles were incubated for 10, 30, 60, and 120 min with 4.5 mL of 60 μg/L MC-LR. Toxin solution was prepared in Milli-Q water and the amount of toxin remaining in solution at the indicated time was quantified by LC-MS/MS. Adsorption was calculated from the amount of toxin removed from solutions versus initial concentration (mean ± SD, n = 3). * Statistically significant difference vs. P2-G92, P3-G99, P4-CS54, P5-CS59, P6-PAC, P7-CAC, P8-DAC, P9-MAC, P10-TOCNF, P11-CL, and P13-PACP. # Statistically significant difference vs. P4-CS54, P5-CS59, P2-G92, P3-G99, P7-CAC, P8-DAC, P10-TOCNF, and P11-CL (p < 0.05). 
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Figure 2. Adsorption kinetics of thirteen types of adsorbent nanostructured magnetic particles for CYN. For each one, three nanostructured particles were incubated for 10, 30, 60, and 120 min with 4.5 mL of 60 μg/L CYN. Toxin solution was prepared in Milli-Q water and the amount of toxin remaining in solution at the indicated time was quantified by LC-MS/MS. Adsorption was calculated from the amount of toxin removed from solutions versus initial concentration (mean ± SD, n = 3). * Statistically significant difference vs. P2-G92, P3-G99, P4-CS54, and P5-CS59 at time 10 min, and vs. P2-G92, P4-CS54, P5-CS59, P7-CAC, P8-DAC, P10-TOCNF, P11-CL, P12-MACP, and P13-PACP at times 30, 60, and 120 (p < 0.05). 
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Figure 3. Adsorption kinetics of thirteen types of adsorbent nanostructured magnetic particles for ATX-A. For each one, three nanostructured particles were incubated for 10, 30, 60, and 120 min with 4.5 mL of 10 μg/L ATX-A. Toxin solution was prepared in Milli-Q water and the amount of toxin remaining in solution at the indicated time was quantified by LC-MS/MS. Adsorption was calculated from the amount of toxin removed from solutions versus initial concentration (mean ± SD, n = 3). * Statistically significant difference vs. P1-CMK3, P2-G92, P3-G99, P4-CS54, P5-CS59, P6-PAC, P7-CAC, P8-DAC (10 and 60 min), P10-TOCNF (60 and 120 min), P11-CL, P12-MACP, and P13-PACP. # Statistically significant difference vs. P1-CMK3, P2-G92, P3-G99, P4-CS54, P5-CS59, P6-PAC (10 and 30 min), P7-CAC, P8-DAC, P10-TOCNF (60 and 120 min), P11-CL, P12-MACP (10 and 120 min), and P13-PACP. ** Statistically significant difference vs. P1-CMK3, P2-G92 (30, 60, and 120 min), P3-G99 (30, 60, and 120 min), P4-CS54, P5-CS59 (30, 60, and 120 min), P6-PAC (10 min), P7-CAC, P10-TOCNF (60 min), P11-CL, P12-MACP (10 and 120 min), and P13-PACP (10, 30, and 60 min). Time points in brackets indicate significance only at that time. The following statistically significant differences are not indicated by symbols in the graph: P2-G92 vs. P3-G99, P4-CS54, P5-CS59, and P11-CL at 30, 60, and 120 min, and only at 30 and 60 min vs. P1-CMK3 and P12-MACP; P3-G99 vs. P4-CS54, P5-CS59 and P11-CL at 30, 60, and 120 min and P1-CMK3 (120 min), P7-CAC (30 and 120 min), and P12-MACP (30 and 60 min); and P6-PAC vs. P3-G99, P4-CS54, P5-CS59, P11-CL, and P12-MACP at 120 min (p < 0.05). 
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Figure 4. Adsorption efficiency of thirteen types of adsorbent nanostructured magnetic particles for MC-LR, CYN, and ATX-A at 120 min. Experiments were performed as in Figure 1, Figure 2 and Figure 3. Toxin removal from water at 120 min for the three toxins with all particle types tested is shown for comparison (mean ± SD, n = 3). * Statistically significant vs. P2-G92, P3-G99, P4-CS54, P5-CS59, P6-PAC, P7-CAC, P8-DAC, P9-MAC, P10-TOCNF, P11-CL, and P13-PACP. # Statistically significant vs. P2-G92, P4-CS54, P5-CS59, P7-CAC, P8-DAC, P10-TOCNF, P11-CL, P12-MACP, and P13-PACP. ** Statistically significant vs. P1-CMK3, P2-G92, P3-G99, P4-CS54, P5-CS59, P6-PAC, P7-CAC, P8-DAC, P10-TOCNF, P11-CL, P12-MACP, and P13-PACP. Symbols for statistical significance are shown only for the particles with the best performance for each toxin; for more information about statistically significant differences for other particles, see Figure 1, Figure 2 and Figure 3 (p < 0.05). 
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Figure 5. Evaluation of the adsorption efficiency of P1-CMK3 and P9-MAC particles in a cyanobacteria extract. An aqueous extract of Aphanizomenon ovalisporum, 1 mg/mL, was obtained by sonication, diluted (1:15), and incubated for 120 min with particles P1-CMK3 or P9-MAC (3 particles in 4.5 mL of diluted extract). A control in Milli-Q water spiked with 300 μg/L CYN and 3 μg/L MC-LR was performed simultaneously. The amount of toxin remaining in solution at 120 min was quantified by LC-MS/MS. Adsorption was calculated from the amount of toxin removed from solutions versus initial concentration for CYN (A) and MC-LR (B), both for extract and Milli-Q water control (mean ± SD, n = 3). 
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Figure 6. Evaluation of in vitro toxicity of particle-exposed water. Three particles of each type were incubated with 4.5 mL of Milli-Q water for 120 min at 21 °C with constant shaking; subsequently, 100 µL of particle-exposed water was added to cells cultured in 96-well plates. Cell viability was measured using the AlamarBlue viability assay. Each sample was tested in triplicate. Fluorescence measurements were carried out at 4, 8, 12, 24, and 48 h after sample addition and the results are expressed as a percentage of Milli-Q water control signal (mean ± SD, n = 3). 
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Table 1. Magnetic nanostructured particles with adsorbent coating tested in this study. Dry weight, diameter, and composition per particle are shown. Composition is reported as the percent of each component versus total weight.
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	Particle Code
	Weight (mg/Particle)
	Diameter (cm)
	Composition (Wt. %)





	P1-CMK3
	6.1
	0.20
	Fe3O4 (17.9%); sodium alginate (51.3%) and CMK-3 mesoporous carbon (30.8%).



	P2-G92
	4.3
	0.20
	Fe3O4 (20.6%); sodium alginate (45.4%) and graphene 92 (34.0%).



	P3-G99
	6.9
	0.21
	Fe3O4 (23.1%); sodium alginate (43.9%) and graphene 99 (33%).



	P4-CS54
	3.3
	0.16
	FeO(OH) (45.2%) and chitosan (54.8%).



	P5-CS59
	2.9
	0.15
	FeO(OH) (40.3%) and chitosan (59.7%).



	P6-PAC
	3.4
	0.30
	Fe3O4 (13.3%); sodium alginate (34.7%) and Panreac-activated carbon (52%).



	P7-CAC
	2.3
	0.15
	Fe3O4 (18.3%); Cabot-activated carbon (16.3%) and sodium alginate (65.4%).



	P8-DAC
	4.5
	0.22
	Fe3O4 (10.9%); Desotec-activated carbon (53.5%) and sodium alginate (35.6%).



	P9-MAC
	6.0
	0.30
	Fe3O4 (7.92%); Merck-activated carbon (55.2%) and sodium alginate (36.8%).



	P10-TOCNF
	3.2
	0.15
	Fe3O4 (3.78%); sodium alginate (3.78%); CMK-3 mesoporous carbon (0.4%) and TOCNF * (92%).



	P11-CL
	2.4
	0.14
	CoFe2O4 (9.8%); sodium alginate (81.1%) and calcined lignin (9.1%).



	P12-MACP
	2.2
	0.15
	Fe3O4 (8.4%); Merck-activated carbon (30.5%); sodium alginate (36.7%) and esterified pectin (24.4%).



	P13-PACP
	3.2
	0.20
	Fe3O4 (8.76%); Panreac-activated