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Abstract

:

In this work, zebrafish embryo bioassays were performed to assess the efficiency of microalgae in the removal of acetaminophen from water. Chlorella sorokiniana (CS), Chlorella vulgaris (CV) and Scenedesmus obliquus (SO) were the strains used for water treatment. Toxic effects on zebrafish embryo caused by effluents from microalgae treatment were compared with those observed under exposure to experimental solutions with known concentrations of acetaminophen. The three microalgae strains allowed for the reduction of acetaminophen concentration and its toxic effects, but CS was the most efficient one. At the end of the batch culture, a 67% removal was provided by CS with a reduction of 62% in the total abnormalities on the exposed zebrafish embryo. On the other hand, toxic effects observed under exposure to effluents treated by microalgae were alike to those determined for acetaminophen experimental solutions with equivalent concentration. Thus, it may be inferred that microalgae biodegradation of acetaminophen did not involve an increased toxicity for zebrafish embryo.
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1. Introduction


Pharmaceuticals belong to the class of emerging contaminants and, over the last decades, their presence and persistence in the environment has caused great concern due to the threat that they represent for aquatic and terrestrial life [1]. Wastewater is a main source of pharmaceuticals in the aquatic environment, a main difficulty in wastewater treatment being that these pollutants are single compounds with an individual behaviour and represent only a minor part of the wastewater organic load [2]. These singularities have called to new approaches in wastewater treatment to limit the discharge of pharmaceuticals in receiving waters [2].



On the other hand, the application of microalgae-based water treatments is raising scientific interest. Among others, advantages of microalgae treatment include photoautotrophic growth, relatively small amounts of operational inputs, eco-friendliness, CO2 sequestration, high-value by-products such as nutraceuticals and cosmetics and simultaneous production of low-value foodstuff for aquaculture. Moreover, algal biomass resulting from water treatment may be also used as biosorbent, fertilizer, animal feed, for energy valorisation or biofuels production [3,4,5,6]. Thus, integrating microalgae culture and wastewater treatment is a sustainable alternative that comprises energy and resources recovery [7].



Microalgae cultivation systems can be classified as open or closed, like photobioreactors (PBRs) [8]. The latter allow the guarantee of mono-cultures and a tighter control of operation conditions, their application for water treatment (with simultaneous CO2 sequestration) having been initiated at the Carnegie Institute of Washington in 1953 [9]. Since then, the study of microalgae for water treatment has been mainly focused on the removal of nutrients [9,10,11,12], although these systems have been also used for the removal of heavy metals [9,11,12] and, more recently, pharmaceuticals [6,9,11,12].



Despite the scale-up challenges that microalgae water treatment still faces, high removal percentages have been attained for most of target pharmaceuticals at laboratory scale [11,12]. In fact, it is well-known that micro-organisms such as bacteria, fungi, protozoa and microalgae tend to degrade organic contaminants to a much larger degree than humans and animals [13]. Microalgae removal of pharmaceuticals occur by bioaccumulation, bioadsorption and, especially, by biodegradation [6]. However, pharmaceuticals degradation may result in the generation of transformation products (TPs) that can be equally or even more toxic than parent compounds [14], which casts doubt on the convenience of using microalgae-based treatments in the removal of pharmaceuticals. Monitoring TPs from microalgae water treatment, which would dispel any doubts about this issue, is impractical. In fact, due to analytic limitations, few authors have attempted to determine TPs from microalgae biodegradation of pharmaceuticals and hormones [15,16,17]. Indeed, from a practical point of view, it is not realistic neither necessary to identify every possible TP for a given micropollutant [18].



In the literature, the evaluation of microalgae efficiency in the removal of pharmaceuticals is commonly expressed in percentage terms. Though this approach is used to assess the reduction of conventional pollutants in conventional water treatment plants, due to the possible generation of TPs, it is not conclusive in the case of micropollutants [18]. Given the unviability of full monitoring of TPs from the degradation of this sort of pollutants, complementing analytical measurements with toxicological data may be a suitable strategy for the evaluation of microalgae-based treatments efficiency. Furthermore, with ever-increasing environmental awareness, proving the capacity of microalgae-based treatments to reduce not only concentration, but also the associated toxicity effects of pharmaceuticals, would serve to encourage their practical implementation. Therefore, in this context, this work aimed at verifying if pharmaceutical removal by microalgae co-occurs with a reduction of toxicity effects.



Chlorella vulgaris, Chlorella sorokiniana and Scenedesmus obliquus, which are among the most commonly employed microalgae strains in water treatment, were used and compared in this work regarding their efficiency in the removal of acetaminophen and its toxic effects. Acetaminophen (paracetamol, acetyl-para-aminophenol, N-acetyl-p-aminophenol) was selected as the target pharmaceutical, since it is a widely used over-the-counter analgesic and antipyretic drug. Due to its extensive consumption, this pharmaceutical is mostly ubiquitous in influents to sewage treatment plant (STPs) and appreciable concentrations have been found in STP effluents and surface waters [19]. Regarding the toxicity evaluation of effluents from microalgae treatment, zebrafish embryo bioassays were carried out in this work. Despite higher animals traditionally being considered models of excellence for the evaluation of drugs toxicity, zebrafish has recently been presented as a reliable vertebrate model to determine developmental toxicity and general toxicity of drugs [20]. Zebrafish (Danio rerio) embryos represent an attractive model for toxicity studies on pharmaceuticals [21] and hold several practical advantages, namely their small size, large robustness, short life-cycle, great number of offspring, simple cost-effective management and reproduction at laboratory-scale and translucent eggs that allow for stereomicroscope monitoring of embryo development [22,23].




2. Material and Methods


2.1. Zebrafish (Danio rerio) Embryo Toxicity Bioassays


2.1.1. Fertilization and Collection of Zebrafish Embryos


Zebrafish adults were kept in a 70-L aquaria filled with freshwater at 28 ± 1 °C and under a 14:10 h light:dark photoperiod, as described by Soares et al. [24]. Ad libitum feeding of these adults was done twice a day, the feedstuff consisting of Tetramin (Tetra, Melle, Germany) supplemented with Artemia spp.



For spawning, adult males and females (2:1) were placed in 30-L breeding tanks overnight under the same water conditions above described. Then, ovulation and fertilization of the eggs were stimulated by the beginning of light period [24]. Next, fertilized eggs were collected from the bottom of the tank and washed with water several times in order to remove detritus and avoid micro-organisms’ proliferation during the subsequent bioassays [25].




2.1.2. Experimental Solutions


In order to validate the applicability of Danio rerio embryo bioassays for the targeted aim, these were first carried out on experimental solutions of acetaminophen with concentrations in the range of influent and effluent concentrations in microalgae treatments, as described in Section 2.2. For this purpose, acetaminophen (C8H9NO2, ≥99%) acquired from Sigma-Aldrich (Madrid, Spain) was used to make experimental solutions with the following concentrations: 25, 250, 2500, 6250, 12,500 and 25,000 µg L−1. These solutions were prepared by dilution of acetaminophen in the standard microalgae culture medium Mann and Myers [26] and freshwater (at 1:1 ratio). Furthermore, an experimental and a solvent control were also tested. For each acetaminophen concentration, experimental and solvent control, six replicates were carried out. All the solutions and controls were daily prepared in order to guarantee the pharmaceutical concentration and to avoid micro-organisms proliferation.




2.1.3. Zebrafish Embryo Bioassays


The static-water renewal toxicological zebrafish bioassays were carried out following the ecotoxicity test guidelines of the Organization for Economic Cooperation and Development (OECD), Test No. 236: Fish Embryo Acute Toxicity (FET) Test [27] and Ribeiro et al. [25]. After embryos observation using a magnifying glass, 10 fertilized eggs were selected and randomly allocated into 24-wells plates filled with 2 mL of freshly prepared acetaminophen solution, experimental control or solvent control. The 24-wells plates were then incubated at 26.5 °C during 144 h and under the same photoperiod conditions as the zebrafish adults. The medium was renewed daily in order to maintain dissolved oxygen and acetaminophen nominal concentrations constant during the bioassay and to remove fungi or other organisms that could proliferate in the well.



The effects of exposure were assessed at four distinct periods described by Kimmel et al. [28] as representative of important steps of embryo development (embryo pictures at these periods are depicted in Figure S1): gastrula period (75% epiboly stage), pharyngula period (prim15–16), larval stage (protruding-mouth) and juvenile, which were respectively observed at 8, 32, 80 and 144 h post fertilization (hpf). At each observation time, non-viable embryos were removed if present, mortality rate was assessed and morphological abnormalities were rated as abnormalities in eyes, head, tail or yolk-sac, developmental delay, abnormal cells, pericardial oedema, opaque chorion, excess or lack of pigmentation, lateral position, reduced mobility and involuntary movements. The total abnormalities rate was recorded as the percentage of embryos with at least one of the referred abnormalities in comparison to the control. Also, 75% epiboly stage at 8 hpf, hatching rate at 80 hpf and larval length at 144 hpf were evaluated in accordance with FET 236 [27] and Torres et al. [23]. Observations were performed using an inverted microscope (Nikon Eclipse 5100T, Nikon Corporation, Tokyo, Japan) equipped with a digital camera (Nikon D5-Fi2, Nikon Corporation, Tokyo, Japan) and a microscope camera controller (Nikon’s Digital Sight DS-U3, Nikon Corporation, Tokyo, Japan).



In all sets of experiments, it was verified that the control groups did not show a mortality rate higher than 10%, which ensures that zebrafish embryo bioassays were adequately carried out.




2.1.4. Statistical Analysis


Statistical analysis was performed with SPPS Statistics software (version 21.0) (International Business Machines Corporation (IBM), New York, NY, USA). Data were first tested for variance normality and homogeneity using Kolmogorov–Smirnov and Levene tests. If these assumptions were met, differences between treatments were tested for significance by means of one-way factorial ANOVA followed by Newman–Keuls multiple comparison test to compare the control groups and each of the exposed groups. If the homogeneity and normality were not met, data were analysed by the non-parametric Kruskal–Wallis test, followed by a multiple comparison rank test (U Mann–Whitney test). Results for mortality rate, morphological and developmental abnormalities were expressed as the mean ± standard error (SE) and differences were considered significant for p ≤ 0.05. Statistical analysis was done at each observation time defined at the previous section. Experimental and solvent controls were grouped when no significant differences between them were detected.





2.2. Acetaminophen Removal from Water by Microalgae


Microalgae used in this work for the removal of acetaminophen from water were Chlorella sorokiniana (CS), Chlorella vulgaris (CV) and Scenedesmus obliquus (SO). The selection of these strains was based on their well-established use for water treatment. The culture of these microalgae was carried out under identical conditions in bubbling column PBRs (diameter = 4 cm, height = 30 cm), which were operated under batch conditions and at constant temperature (25 ± 1 °C), irradiance (370 µE m−2 s−1), photoperiod (12:12), aeration with CO2 enriched air (0.3 v/v/min) and pH (7.5 ± 0.5), as described in a previous work [29].



For each CS, CV and SO, PBRs were run in triplicate and simultaneously in order to evaluate the removal efficiency of acetaminophen. In these experiments, initial concentration of acetaminophen in the culture medium was 25,000 µg L−1. Such a relatively high feeding concentration was needed to guarantee the applicability of the methodologies employed in this work. Negative controls (25,000 µg L−1 acetaminophen in culture medium, with no microalgae) and positive controls (microalgae in culture medium, with no acetaminophen) were also simultaneously run. During operation, a 5-mL aliquot was daily taken from each PBR (experiment, negative or positive control) in order to determine the concentration of microalgae biomass (Cb) and that of acetaminophen so to respectively monitor microalgae growing and removal of the target pharmaceutical.



2.2.1. Analytic Methods and Instrumentation


All aliquots were analysed for Cb and acetaminophen concentration. Cb was determined by optical density at 680 nm (OD680) using a UV-visible spectrophotometer (BECKMAN DU640). Equation (1), which was established from preliminary experiments, was used for the calculation of Cb:


OD680 = 5.1834Cb + 0.0128, R2 = 0.9983



(1)







Acetaminophen concentration was analysed in a Waters HPLC 600 equipped with a 2487 dual λ absorbance detector. A Phenomenex Gemini-NX C18 column (5 μm, 250 mm × 4.6 mm) was used for the separation and the wavelength of detection was 246 nm. Before analysis, and in order to obtain clear samples for chromatographic analysis, aliquots were twice centrifuged at 7500 rpm for 10 min (SIGMA 2-16P centrifuge). The mobile phase consisted of acetonitrile/ultrapure water (30:70, v/v), which was filtered through a Millipore membrane (pore size = 0.45 µm) and degasified (for 30 min) before use. HPLC quality acetonitrile (CH3CN) was purchased from DBH Prolabo Chemicals and ultrapure water was produced by a Millipore System.




2.2.2. Evaluation of Effluents Toxicity by the Zebrafish Embryo Bioassay.


When microalgae concluded the exponential growth phase, 75 mL of effluent were taken from each PBR, homogenized and twice centrifuged (7500 rpm) during 10 min in order to obtain clear samples. Next, the resulting supernatant was diluted (1:1) with freshwater to be used in zebrafish embryo bioassays. Such a dilution was set as the most favourable on the basis of a preliminary study using different dilutions with freshwater (1:7, 1:3, 1:1, 1:0), which was carried out to determine an appropriate ratio that allowed for the observation of effects in zebrafish embryo but avoided biased effects caused by the culture medium. Still, for additional validation of the absence of biased effects, bioassays were also carried out using a 1:3 dilution with freshwater. Effluents from the microalgae treatment (at each 1:1 and 1:3 dilution ratios with freshwater) were tested for zebrafish embryo toxicity following the procedure already described in Section 2.1.






3. Results


3.1. Acetaminophen Experimental Solutions


Results on the mortality and total abnormalities of zebrafish embryos exposed to acetaminophen experimental solutions are shown in Figure 1 while the observed abnormalities are depicted in Table 1.



As seen in Figure 1a, mean mortality rates were not larger than 12% in any case. Furthermore, the concentrations of acetaminophen here considered did not cause effects on the mortality at any observation time-point. Regarding total abnormalities, Figure 1b evidences that abnormalities were not observed until 32 hpf, their incidence significantly increasing at longer time-points. In any case, significance increases in total abnormalities were observed for acetaminophen initial concentrations higher than 250 µg L−1 at 32, 80 and 144 hpf.



Table 1 shows that the 75% epiboly rate and total abnormalities at 8 hpf did not show significant differences at any acetaminophen concentration in comparison with the control. At 32 hpf, lack of pigmentation was observed in the embryos exposed to concentrations equal or higher than 2500 µg L−1 (p ≤ 0.05) in a range of 9.2% to 46.5%. However, no developmental delay was detected. After 48 h (80 hpf), abnormalities increased, and an excess of pigmentation was observed on larvae exposed to concentrations equal or higher than 2500 µg L−1 (p ≤ 0.05), in a range of 10.2% to 63.0%. Still, the hatching rate was not affected by any of the acetaminophen tested concentrations.



At 144 hpf, the effects of the pharmaceutical on total abnormalities increased significantly in comparison with control (p ≤ 0.05) (100% in the case of 25,000 µg L−1 acetaminophen). Moreover, some of the larvae remained in lateral position. Indeed, those larvae exposed to the highest concentrations of acetaminophen that remained in lateral position, also showed spasms or involuntary movements (>35% under 25,000 µg L−1, >25% under 12,500 µg L−1). Furthermore, the highest acetaminophen concentrations (≥6250 µg L−1) caused a marginal increase in the larvae length (p > 0.05).



Overall, the above results point towards time and concentration dependence of acetaminophen effects on zebrafish embryo. Yet, effects on mortality rate were not registered under exposure to any of the considered acetaminophen concentrations.




3.2. Acetaminophen Removal from Water by Microalgae


For the strains here considered, results on the concentration of acetaminophen in PBRs and microalgae biomass throughout the batch culture are shown in Figure 2. Acetaminophen concentration was observed to decrease while microalgae biomass increased during the culture of the three strains used in this work. The steady state was reached after eight or nine days of cultivation. During the culture, the concentration of acetaminophen in the negative controls was stable. Therefore, it may be stated that, in the treatment experiments, the decrease of acetaminophen concentration was associated to the presence of microalgae.



As may be seen in Figure 2, the removal of acetaminophen by CS, with outlet concentrations of about 8200 µg L−1, was more effective than that by SO or CV, which provided final acetaminophen concentrations around 15,200 and 20,700 µg L−1, respectively. As for these concentrations in the effluents, the removal of acetaminophen at the end of the batch culture was 67% (CS), 39% (SO) and 17% (CV). Strain specific differences must be underneath these different efficiencies, which are not directly related with biomass growth, since the biomass of CS at the end of the batch (2 g L−1) was lower than for SO and CV (about 3 g L−1).




3.3. Evaluation of Effluents Toxicity by the Zebrafish Embryo Bioassay


Mortality and total abnormalities in zebrafish embryo exposed to treated effluents by CS, CV and SO are shown in Figure 3. Additionally, abnormalities and larval length registered at each observation time-point are specified in Table 2. Furthermore, the observed effects associated to exposure to effluents at 1:3 dilution are shown within the Supplementary Material (Table S1).



As already observed for the acetaminophen experimental solutions (Figure 1a), no significant effects on mortality were either observed on zebrafish embryo after exposure to effluents from microalgae treatment (Figure 3a). With respect to total abnormalities incidence (Figure 3b), no differences with the control were observed for effluents at 8 hpf. However, at 32 hpf and longer time-points, exposure to effluents from microalgae treatment caused a significant increase of the percentage of total abnormalities in zebrafish embryo as compared with the control. Still, differences among the three microalgae strains were just revealed at 80 hpf and at 144 hpf, being higher at 144 hpf. In this regard, the average percentages of total abnormalities caused by effluents from CS, SO and CV at 144 hpf were 37%, 66% and 58%, respectively. These values are all comprised between the percentages determined for acetaminophen experimental solutions of 2500 and 6250 µg L−1 (Figure 1b) and evidence that microalgae treatment led to a reduction of total abnormalities incidence as compared with that observed for the initial concentration of acetaminophen (12,500 µg L−1 in Figure 1b, as for the 1:1 dilution). On the other hand, the percentages of total abnormalities caused by exposure to effluents (Figure 3b) were parallel with the efficiency of each microalgae strain in the removal of acetaminophen, which was referred in the previous section (67% (CS), 39% (SO) and 17% (CV)).



Concerning the anomalies caused in zebrafish embryo by the effluents from microalgae treatment, Table 2 shows that neither the 75% epiboly rate at 8 hpf nor the hatching rate at 80 hpf were altered in comparison to the control. Moreover, at 32 hpf a significant (p ≤ 0.05) lack of pigmentation on embryos exposed to effluents was observed, with average incidence below 15% for the three microalgae treatments. At 80 hpf, the incidence of total abnormalities in embryos exposed to effluents increased (Figure 3b), although these abnormalities were exclusively excess of pigmentation (Table 2). Effluents from CV and SO showed higher mean of abnormalities (36% and 25%, respectively) than effluents from CS (17%). Still, it was at 144 hpf when effects of effluents on zebrafish embryos were more visible, which reflects the time dependence of effects that was already observed for acetaminophen experimental solutions.



As seen in Table 2, at 144 hpf, exposure to effluents from the three microalgae treatments caused an excess of pigmentation, which ranged from 37% (CS) to 65% (CV). In addition, embryo exposed to effluents from CV and SO remained in lateral position (mean incidence of 32% and 23%, respectively) and showed larger larval length. Therefore, the incidence of effects on zebrafish embryos has a parallelism with the final concentration of acetaminophen at the end of the culture, as shown in Figure 2 (CV > SO > CS). This is further corroborated by the results obtained under the 1:3 dilution here considered (Table S1), evidencing that the larger the acetaminophen concentration in the effluent, the larger the incidence of effects on zebrafish embryos.





4. Discussion


Acetaminophen experimental solutions tested in this work (25 to 25,000 µg L−1) did not affect the mortality of exposed zebrafish embryo at any of the developmental stages considered. Coincidently with these results, no significant effects on mortality were noticed by Nogueira et al. [30] on zebrafish embryo subjected 5 to 3125 µg L−1 acetaminophen up to 96 hpf. Under a narrower exposure concentration (5 to 500 µg L−1 acetaminophen in 0.005% dimethyl sulphoxide (DMSO)) and with observation times until 96 hpf, Xia et al. [31] also did not observe an increase in the mortality rate of zebrafish embryo. Likewise, but at higher concentrations (151 to 756,000 µg L−1), Pandya et al. [32] did not detect mortality effects in zebrafish embryos exposed to acetaminophen solutions in experiments with a duration of five days post-fertilization (dpf). Similarly, Peng et al. [33], using a transgenic zebrafish line Tg (wt1b: GFP) for the study of nephrotoxicity, observed no effects (12–72 hpf) on the survival of embryos exposed to even higher concentrations of acetaminophen (340, 3400 and 6804 mg L−1). Contrarily, under lower concentrations (1, 5, 10, 50 and 100 µg L−1 acetaminophen dissolved in 0.1% aqueous ethanol), David and Pancharatna [34] observed significantly increased mortality rates for concentrations equal or higher than 5 µg L−1.



In the present study, under acetaminophen exposure, embryo abnormalities were registered in zebrafish for concentrations equal or higher than 2500 µg L−1 at observation time-points equal or longer than 32 hpf. These abnormalities were lack of pigmentation at 32 hpf, excess of pigmentation at 80 hpf, and, at 144 hpf, excess of pigmentation, lateral position, involuntary movements and larger larval length. Furthermore, the incidence of abnormalities increased with observation time and concentration. Likewise, no effects were observed on zebrafish embryo by Nogueira et al. [30] after the first 24 h of exposure to 5 to 3125 µg L−1 acetaminophen. However, although the dose-response was not so clear as in this work, at 48 hpf and longer observation times, abnormalities were noticed for the embryos and larvae exposed to acetaminophen, namely lack of pigmentation (48 and 72 hpf), abnormal bending of the spine (72 and 96 hpf) and alteration of the larvae equilibrium (72 hpf) [30]. David and Pancharatna [34] also observed that the distribution of pigment in zebrafish embryo was dose-dependent, detecting a lack of pigmentation under 50 and 100 µg L−1 acetaminophen. Moreover, these authors [34] found that larvae exposed to 10, 50 and 100 µg L−1 acetaminophen showed altered swimming behaviour such as vibratory/shivering. Differently, Xia et al. [31] did not observe significant impacts on zebrafish embryo movement from acetaminophen exposure to 5, 50 and 500 µg L−1. The latter study is in agreement with observations in this work, since involuntary movements occurred just for embryos exposed to the highest acetaminophen concentrations, namely 12,500 and 25,000 µg L−1.



During microalgae cultivation in PBRs for water treatment, CS was clearly the most effective in removing acetaminophen, as compared with SO and, especially, CV. CS was also more efficient than SO and CV in the removal of salicylic acid [35]. However, in the case of diclofenac, SO was most capable than CS and CV [36], which evidences the importance of strain assortment for optimizing microalgae removal of specific pharmaceuticals from water. Zebrafish embryo exposure to the effluents from microalgae treatment further confirmed differences between strains. Although mortality rate was not affected by exposition to effluents, effects on the percentage of abnormalities was strain dependent. The effects were more remarkable in the sense CV > SO > CS, that is, contrary to the efficiency in the removal of acetaminophen. On the other hand, the reduction of acetaminophen toxic effects by treatment with these strains was also evaluated in this study. For this purpose, effluents from microalgae treatment were diluted at 1:1 with freshwater so to prevent the culture medium masking effects on embryo. Hence, comparing results in Figure 3 and Table 2 with those observed for 12,500 µg L−1 acetaminophen (Figure 1 and Table 1), it was clear that microalgae treatment by CS, CV and SO provided a reduction of effects on zebrafish embryo. This reduction was not evident for the shorter observation time-points (8 and 32 hpf) but was patent at 80 and 144 hpf. At the latter time-points, total abnormalities caused by exposure to the experimental solution of acetaminophen (12,500 µg L−1) were 55% and 97%, respectively. Also, as can be observed in Table 1, the acetaminophen concentration of 12,500 µg L−1 caused excess of pigmentation in the 97% of the larvae at 144 hpf. Moreover, 65% remained in lateral position, 26% also showed spasms or involuntary movements and larvae were significantly larger than the control. In comparison, exposure to effluents from CS, which was the most capable in removing acetaminophen (67%, as shown in Figure 2), caused 17% and 37% of total abnormalities at 80 and 144 hpf, respectively, these being just restricted to lack of pigmentation. Meanwhile, for effluents from CV treatment, which was the least efficient, the average total abnormalities were 38% (80 hpf) and 63% (144 hpf), abnormalities including lack of pigmentation (32 hpf), excess of pigmentation (80 and 144 hpf), lateral position (144 hpf) and larval length (144 hpf). It is important to highlight that toxic effects on the embryo caused by exposure to microalgae-treated effluents were equivalent to those observed by acetaminophen experimental solutions with equivalent concentration. For instance, under exposure to the effluent from CV treatment (10,326 µg L−1 acetaminophen, at 1:1 dilution) the total abnormalities at 144 hpf were 63% (Figure 3), which was slightly lower than the abnormalities observed for the acetaminophen solution of 6250 µg L−1 (67% at 144 hpf, Figure 1). Among the different mechanisms that may be under the removal of pharmaceuticals by microalgae, biodegradation has been pointed as the most relevant [6]. Contrarily to physical treatments such as adsorption-based treatments, which also make possible the recuperation of the removed pharmaceuticals [37], those treatments involving their degradation result in the generation of TPs. Indeed, the possibility of these TPs being even more toxic than the original compounds raises some controversy around the application of degradation treatments for the removal of pharmaceuticals from water. The generation of TPs from microalgae removal of acetaminophen was not assessed in this work. Nonetheless, according to the obtained results, the reduction of acetaminophen concentration by microalgae occurred together with a proportional decrease of toxic effects on zebrafish embryo exposed to effluents. Therefore, if TPs were produced during treatment, their toxicity and/or concentration did not mean an increased toxicity for this model. Still, it remains unknown if the reduction of toxicity occurred in parallel with the decrease of acetaminophen concentration since these results refer just to the end of microalgae batch cultivation. Indeed, as highlighted by Vo et al. [9], different intermediates and/or end products may be formed depending on the degradation mechanism and pathway. In this sense, Zhou et al. [38] found that the maximum accumulated concentration of 1,4-benzoquinone, which is the main TP formed during the microbial transformation of acetaminophen in natural waters, occurred at different reaction times among the different water samples.



In the literature, there is a lack of works on the comprehensive evaluation of microalgae removal of pharmaceuticals, namely by coupling toxicity and analytic assessments. To our best knowledge, except for our previous study regarding the removal of diclofenac [39] there are no published works using toxicity tests on fish for this purpose. Compared with diclofenac removal by microalgae (67% to 99%) [39], the removal of acetaminophen was less efficient (17% to 67%). Still, in this work, the efficiency of CS in the removal of acetaminophen (67%) was the same than that previously found for diclofenac [39]. The lower removal of acetaminophen by microalgae as compared with other pharmaceuticals, including diclofenac, was also observed by Villar-Navarro et al. [40]. These authors [40] observed that the efficiency of a high rate algal pond (HRAP) removing pharmaceuticals was comparable to that of an activated-sludge based conventional process, except for acetaminophen and ibuprofen, which were less efficiently removed in the HRAP. However, the higher efficiency removing nutrients was highlighted as an advantage of HRAPs for their use as an alternative (or addition as tertiary treatment) to more conventional approaches based on activated sludge [40].



The necessity of complementing analytical information on the percent removal of pharmaceuticals in order to evaluate treatment efficiency has already been pointed out by some authors. Several approaches taken in this sense for the specific case of acetaminophen are shown in Table 3. Measuring oxygen uptake by bacteria in activated sludge was the strategy used by Ali et al. [41] to complement information based on chemical analysis on the removal of pharmaceuticals (including acetaminophen) by biosorption onto modified dead biomass of SO. These authors observed a drastic decrease of dissolved oxygen by 91% and 95% for wastewaters containing a pharmaceutical mixture of 125 mg/L and 250 mg/L, respectively. However, after the biosorption treatment, such wastewaters did not show significant differences from the control regarding the dissolved oxygen, which further proved the effectiveness of the treatment.



Although not for a microalgae-based treatment, but for the visible-light-driven photocatalytic removal of acetaminophen, Czech et al. [42] followed an analogous approach to that in this work and used Vibrio fischeri to assess the efficiency of the treatment for reducing water toxicity. These authors [42] concluded that photocatalytically treated model water containing acetaminophen revealed no toxicity to Vibrio fischeri. Similarly, Le et al. [43] coupled ecotoxicity (Vibrio fischeri 81.9%, Microtox® screening tests) and chemical analysis monitoring during the electro-fenton oxidation of acetaminophen thus establishing a very useful relationship between the degradation pathway of acetaminophen and the global toxicity evolution of the solution.



The application of microalgae cultures for the uptake of pharmaceuticals from water has been studied by several authors, mainly in the last decade. Coincidently with results in this work, Xiong et al. [44] found that different microalgae strains differed in their efficiency to remove a target pharmaceutical (enrofloxacin). Furthermore, these authors observed that the consortium of these strains displayed a comparable removal capacity to that of the most effective species. Even when microalgae are present as consortia in the aquatic environment, available data on the arrangement of efficient microalgae consortia to remove several distinct pharmaceuticals from different therapeutic classes are rather limited.



Hydroxylation, side chain breakdown and ring cleavage have been reported as pathways for the biodegradation of aromatic pollutants by microalgae [45]. Nevertheless, more in-depth analyses need to be performed in order to explain differences between microalgae strains in the removal of specific pharmaceuticals. Furthermore, in view of the optimization of treatment duration, further studies should be done on the analysis of TPs and toxic effects throughout microalgae culture considering a broad spectrum of pharmaceuticals and strains. Finally, carrying out research on microalgae efficiency in the removal of pharmaceuticals using real wastewater matrices is a challenge to overcome in the near future.




5. Conclusions


In the considered range of concentrations (25 to 25,000 µg L−1), experimental solutions of acetaminophen did not cause effects on the mortality of zebrafish embryos but significantly increased the total abnormalities at acetaminophen concentrations ≥2500 µg L−1. Microalgae-based treatments by CS, CV and SO presented different efficiencies in the uptake of acetaminophen from water (17% to 67% at the end of the batch cultivation). Chemical analyses were coupled to zebrafish embryo bioassays for assessing the efficiency of these strains to remove the target pharmaceutical. It was evidenced that CS was the most efficient strain in reducing both acetaminophen concentration and toxic effects on zebrafish embryo. Furthermore, results confirmed that the effects of effluents from microalgae treatment were alike to those determined for experimental solutions with equivalent acetaminophen concentrations. It can be therefore concluded that microalgae removal of acetaminophen occurred together with a reduction of toxicity to zebrafish embryo, further supporting the potential application of microalgae for the removal of pharmaceuticals from water.
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Figure 1. Mortality (a) and total abnormalities (b) observed for zebrafish embryos exposed to acetaminophen experimental solutions (25, 250, 2500, 6250, 12,500 and 25,000 µg L−1) at the different observation times (8, 32, 80 and 144 h post fertilization (hpf)). Note: Mean results (n = 12 for control; n = 6 for exposed groups) are shown together with standard error (SE). Results significantly different from control (p ≤ 0.05) are marked with a symbol (*). 
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Figure 2. Concentration of acetaminophen (full symbols) and microalgae biomass (open symbols) in photobioreactors (PBRs) during the culture of Chlorella sorokiniana (CS), Chlorella vulgaris (CV) and Scenedesmus obliquus (SO). Note: Mean results (n = 3) are shown together with the corresponding SE. 
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Figure 3. Mortality (a) and total abnormalities (b) observed for zebrafish embryos exposed to effluents from microalgae treatment for the removal of acetaminophen from water. Results are shown at the different observation times (8, 32, 80 and 144 hpf) for CS, CV and SO microalgae treatment. Note: Mean results (n = 12 for control; n = 6 for exposed groups) are shown together with SE. Results significantly different from control (p ≤ 0.05) are marked with a symbol (*). In Figure 3a, the scale of the vertical axis was fitted (from 0% to 50%) for the visualization of results. 
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Table 1. Effects of acetaminophen experimental solutions with different concentrations on zebrafish embryos at the observation time-points considered in this work.
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Observation Time

	
Acetaminophen Concentration

	
75% Epiboly Rate

	
Developmental Delay

	
Lack of Pigmentation

	
Excess of Pigmentation

	
Lateral Position

	
Involuntary Movements

	
Larval Length (µm)






	
8 hpf

	
0 (control)

	
93.7 ± 7.6

	
3.2 ± 4.9

	

	

	

	

	




	
25

	
100 ± 0.0

	
0.0 ± 0.0

	

	

	

	

	




	
250

	
97.5 ± 6.2

	
0.8 ± 2.9

	

	

	

	

	




	
2500

	
96.8 ± 6.4

	
0.9 ± 3.2

	

	

	

	

	




	
6250

	
96.5 ± 5.5

	
1.9 ± 4.5

	

	

	

	

	




	
12,500

	
95.0 ± 5.5

	
0.0 ± 0.0

	

	

	

	

	




	
25,000

	
93.5 ± 8.1

	
0.0 ± 0.0

	

	

	

	

	




	
32 hpf

	
0 (control)

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	

	

	




	
25

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	

	

	




	
250

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	

	

	




	
2500

	

	
0.0 ± 0.0

	
9.2 ± 6.7

	
0.0 ± 0.0

	

	

	




	
6250

	

	
0.0 ± 0.0

	
12.4 ± 8.0

	
0.0 ± 0.0

	

	

	




	
12,500

	

	
0.0 ± 0.0

	
32.6 ± 6.8

	
0.0 ± 0.0

	

	

	




	
25,000

	

	
0.0 ± 0.0

	
46.5 ± 5.5

	
0.0 ± 0.0

	

	

	




	
80 hpf

	
0 (control)

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	

	

	




	
25

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	

	

	




	
250

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	

	

	




	
2500

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
9.4 ± 6.7

	

	

	




	
6250

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
35.2 ± 5.8

	

	

	




	
12,500

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
54.6 ± 9.1

	

	

	




	
25,000

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
63.0 ± 8.4

	

	

	




	
144 hpf

	
0 (control)

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.7 ± 2.8

	
0.0 ± 0.0

	
3861.23 ± 66.85




	
25

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	
1.9 ± 4.5

	
0.0 ± 0.0

	
3874.83 ± 69.40




	
250

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
0.0 ± 0.0

	
1.7 ± 3.9

	
0.0 ± 0.0

	
3900.42 ± 49.33




	
2500

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
31.9 ± 6.7

	
0.9 ± 3.2

	
0.0 ± 0.0

	
3909.25 ± 68.96




	
6250

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
66.7 ± 3.7

	
22.8 ± 7.9

	
0.0 ± 0.0

	
3980.83 ± 89.77




	
12,500

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
96.5 ± 5.5

	
64.8 ± 5.8

	
26.3 ± 5.5

	
4052.83 ± 44.20




	
25,000

	

	
0.0 ± 0.0

	
0.0 ± 0.0

	
100 ± 0.0

	
61.2 ± 5.0

	
35.1 ± 7.6

	
4047.67 ± 78.22








Note: Control and solvent control were grouped. In addition, the treatments with the same concentration from different sets of experiments (2500 and 250 µg L−1) were grouped. Mean results (n = 12 for control; n = 6 acetaminophen exposed groups) are shown together with SE. Results significantly different from control (p ≤ 0.05) are marked in bold.
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