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The worldwide microplastics pollution is a serious environmental and health problem that is currently not effectively mitigated. In this work we tested jellyfish mucus as a new bioflocculent material capable of sequestration of polystyrene microplastics in aqueous environments. Mucus material was collected from different jellyfish species and was used to trap fluorescently tagged polystyrene microspheres. The efficiency of removal was tested using varying concentrations of microplastics and mucus. The interaction between the microplastics and mucus was determined by viscosity measurements and confocal laser scanning microscopy. Different mucus preparation methods were also tested: freshly prepared, mechanically sheared, freeze-thawed, freeze-dried, and hydrolyzed mucus. The results demonstrate that jellyfish mucus can efficiently sequester polystyrene microplastics particles from the suspension. The fraction of the removed microplastics was highest with freshly prepared mucus and decreased with freeze-thawing and freeze-drying. The mucus ability to sequester microplastics was completely lost in the hydrolyzed mucus. The results imply that the intact jellyfish mucus has the potential to be used as a biopolymer capable of removing microplastics material.
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INTRODUCTION

Microplastics are defined as plastic particles ≤5 mm in size (Hartmann et al., 2019). They have predominantly been recognized as marine contaminants with estimated 93 to 236 thousand metric tons floating on the global sea surface (Thompson et al., 2004; Desforges et al., 2014; Ivar do Sul and Costa, 2014; van Sebille et al., 2015). Microplastics also enter freshwater and terrestrial environments, thus endangering the health of these environments as well (Rillig, 2012; Morritt et al., 2014; Faure et al., 2015; Liu M. et al., 2018). They can be found in human settlements, rivers, mountain soils, in the sediments of deepest ocean and even in Arctic snow (Dris et al., 2016; Cai et al., 2017; Wright et al., 2020).

Microplastics have been found in almost every marine habitat and their ingestion has effects on marine and freshwater organisms, either as a consequence of their physical penetration, leaching of chemical additives or infection caused by microbial communities on microplastics (Prinz and Korez, 2020). Moreover, microplastics can be transferred to higher trophic levels in the food web (Lusher, 2015), thus sustaining and multiplying their detrimental effects. The management of microplastics pollution problem, however, is not a solved issue and new mitigation strategies are still emerging (Figure 1).
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FIGURE 1. Currently used microplastics mitigation strategies. The recycling strategies are dependent on the efficient removal and recovery of microplastics, which is indicated with a dashed arrow. Our research proposes to invest into development of novel removal strategies, as for example by using jellyfish mucus (colored in yellow).


At the moment, the mitigation of microplastics pollution is aimed at reducing the use of plastics, reduction of microplastics quantities using microbial consortia, replacement of the conventional plastics with bioplastics, and physico-chemical removal strategies (Oliveira et al., 2020; Wong et al., 2020). Recycling of plastics and microplastics is still not economically feasible in comparison with the low production costs of virgin plastics and low recyclability of microplastics (Prata et al., 2019). Moreover, reduction, replacement and recycling strategies (Figure 1) are all connected with the need for technology development, proper legislative policy, public awareness, consumer waste handling, and incentivized recovery systems (Eriksen et al., 2018).

Wastewater treatment plants have been identified as critical sources of microplastics in the ocean, contributing globally more than 100 billion microplastic particles–MPs (mostly fibers) in the ocean per year (Freeman et al., 2020). At the same time, wastewater treatment plants provide a major sink for microplastics which are retained in the sludge. The microplastics removal rate depends on wastewater treatment technology and varies between 70–99% (Freeman et al., 2020). The current technologies are mostly capable of removing particles larger than 100 μm (Okoffo et al., 2019; Poerio et al., 2019). There are few technologies capable of effectively removing microplastics from the aqueous environments such as membrane biological reactors, rapid sand filters, dissolved air flotation, and micro-screen filtration with disc filters. Other innovative applications are being studied that show potential but also some limitations: dynamic membranes, enhancement in flocculation/coagulation, electrocoagulation, and photocatalytic processes (Talvitie et al., 2017; Hildebrandt et al., 2019; Freeman et al., 2020). The effectiveness of microplastics removal is dependent on microplastics physical properties, in particular size, shape, and the overall particle abundance (Wang et al., 2019; Wong et al., 2020). For example, microparticles can block the microfiltration membranes (pore size >100 nm) or the very costly reverse osmosis membranes (pore size >5 nm). The particular challenge in removing the microplastics is not only their small size but also their inert physicochemical properties against most of the physical and chemical additives for flocculation (Schuhen et al., 2018).

The use of jellyfish mucus is dependent on sustainable availability of the biomaterial and its suitable physical sequestration properties. The life cycles of jellyfish are conducive to bloom events in which huge populations occasionally build up (Goy et al., 1989). There are several reasons why the frequency of jellyfish blooms increased in the last decades such as eutrophication, global overfishing, increased space for polyps, transport of non-indigenous species, and widening of the natural area of non-indigenous species (Boero, 2013; Needleman et al., 2018). Increased jellyfish blooms and consequently increased mucus production can provide an opportunity for their biotechnological exploitation. In the western world, jellyfish are often considered as nuisance especially as undesired by-catch that is categorized as waste biomass. Many recent studies showed that jellyfish biomass can be used as fodder for animals, a source of food for humans, biofuel, biofertilizer, or even as cement additive (Hossain et al., 2013; D’Amico et al., 2016; Bleve et al., 2019; Emadodin et al., 2020). Several bioactive proteins have been isolated from jellyfish with hemolytic, cytotoxic, cardiovascular, and neurotoxic activity (Domenico et al., 2019; Merquiol et al., 2019). In addition, jellyfish have been used to develop new research tools such as Green fluorescence protein (GFP), biocompatible collagen for 2D and 3D cell cultures, or as model systems to study mobility and microgravity (Spangenberg et al., 1994; Purcell, 2009; Najem et al., 2012; Pugliano et al., 2017; Paradiso et al., 2019; Coppola et al., 2020; Mearns-Spragg et al., 2020). Due to their ability to internalize plastic debris, jellyfish have been suggested as a potential invertebrate bioindicators for plastic pollution in pelagic waters (Macali et al., 2018; Iliff et al., 2020; Macali and Bergami, 2020).

Jellyfish are known to produce copious amounts of mucus (Ames et al., 2020). The epidermis and gastrodermis of jellyfish contain mucus producing gland cells, which produce thin renewing mucus layers over the external surface of medusa (Heeger and Möller, 1987). Under stress, during reproduction, digestion, and when dying, the amount of released mucus is increased (Patwa et al., 2015) and can reach up to 400 mL/kg of jellyfish per hour (Liu W. et al., 2018). Mucus has been found to have a role in feeding, surface cleaning, and defense against predators. Shanks and Graham (1988) characterized mucus secretion as an important chemical defense mechanism, since it contains toxins and nematocysts. For instance, Cassiopea jellyfish mucus is known to kill certain species of fish as mobile grenades (Ames et al., 2020).

Jellyfish mucus is a hydrogel composed mainly of water (95%), mucins (3%) and other molecules like lipids and nucleic acids (2%) (Bakshani et al., 2018). Mucins are large glycoproteins with molecular weight (MW) between 200 kDa and 200 MDa (Kesimer and Sheehan, 2012). They have O-linked oligosaccharides and are responsible for viscoelastic nature of mucus. Mucins are important for protection of jellyfish epithelium against dehydration, microbial invasion, and physical damage (Pearson et al., 2011; Bakshani et al., 2018). Mucins are produced in secretory cells in the form of compact concentrated granules. This is possible due to high Ca2+ concentrations that screen negative mucin charges. During mucin secretion Ca2+ is replaced with Na+ which is less effective in charge screening, thus allowing the expansion of mucins in seawater. During the expansion mucins adsorb water and their volume may increase 1000–3000-fold which allows the formation of a gel structure (Bakshani et al., 2018), and could be used as an efficient trap for microplastics particles (Patwa et al., 2015).

In this work we tested the potential of jellyfish mucus as a low-cost raw biomaterial to effectively sequester microplastics. The sequestration of microplastics from aqueous environments (e.g., open waters) is technologically not feasible. The accounted floating plastic and microplastic fragments are disproportionately lower than expected from their inputs as microplastics, probably due to ingestion by marine organisms or sinking into the ocean (Corona et al., 2020). Moreover, any removal strategies would be invasive, potentially impacting the marine organisms, and sediments. Finally, removal strategies in open waters would not be cost-effective (Lusher, 2015). Hence, the application of mucus or other removal strategies should be used before the entry of microplastics in the ocean. A lot of methods under development (physical, chemical or biological ones) involve removal strategies in the wastewater treatment plants (Sun et al., 2019; Freeman et al., 2020; Padervand et al., 2020). The aim of the study was to test the ability of differently processed jellyfish mucus to remove polystyrene microplastics material. The mucus was isolated from Cotylorhiza tuberculata, Aurelia aurita, Mnemiopsis leidyi, and Rhizostoma pulmo jellyfish. We have used mucus to sequester fluorescently tagged polystyrene microspheres that were used as model microparticles for our experiments. The efficiency of removal was tested at several polystyrene microparticles and mucus concentrations. The interaction between the microplastics and mucus was determined with viscosity measurements and confocal laser scanning microscopy. Different mucus preparation methods have been tested: freshly prepared, mechanically sheared, freeze-thawed, freeze-dried, and hydrolyzed mucus.



MATERIALS AND METHODS


Mucus Collection

The mucus was collected from three Cnidaria (Class Scyphozoa) C. tuberculata, A. aurita, and R. pulmo jellyfish and the invasive Ctenophore M. leidyi. The medusae were caught with a dip net from the surface in March, April, August, and October 2019 in the Bay of Piran (Northern Adriatic Sea, Slovenia). They were collected in 100 L barrels filled with seawater. The mucus was collected from the individual medusae by two different approaches: through funnel and with a syringe. The mucus from M. leidyi, A. aurita, and C. tuberculata was collected with a 10 mL syringe after gently shaking the individual medusae. Mucus from R. pulmo was collected by transferring individual medusae from the barrel to the large funnel. This species was used for the experiments comparing different mucus storage conditions. The released mucus was accumulated for 5 min. The medusae were further gently agitated (for 5–10 min) to increase the amount of excreted mucus. The translucent mucus was collected in a glass beaker. It was pulled together and was either used fresh, freeze-thawed or freeze-dried prior to the experiments. Fresh mucus was used within 1 h of collection and 10 mL of mucus was used for conducting the experiments. To prepare freeze-dried and freeze-thawed mucus, approximately 300 mL of jellyfish mucus was stored. The mucus was first gently shaken to obtain a more homogenous sample and transferred to acid pre-cleaned combusted (500°C, 4 h) Duran bottles. Next, samples were either freeze-dried for 1 week (due to their high water content) or stored in the freezer at −30°C for 1 week. Prior to conducting the experiments, 30 mg of freeze-dried mucus was used and rehydrated in 1 mL of distilled water to get the same hydration as the original (fresh) mucus (Stabili et al., 2015) by keeping the salt concentration in freeze-dried mucus unchanged. To obtain freeze-thawed samples, the frozen mucus in Duran flasks were placed in a container filled with water at room temperature that was replaced several times over few hours until the mucus was completely thawed. 10 mL of freeze-thawed mucus was used for conducting the experiments.



Mucus Sequestration of Polystyrene Microspheres

Polystyrene Divinylbenzene (PS microspheres), dyed with FirefliTM Fluorescent Green with the average particle size of 48 μm, particle density of 1.05 g/cm3, and refractive index 1.59 were purchased from Duke Scientific Corporation. A stock suspension of polystyrene particles (c = 5 mg/mL seawater) was prepared. The appropriate volume of stock suspension (3.13, 6.25, 12.5, 25, 50, and 100 μL) was added to 1 mL of fresh, freeze-dried or freeze-thawed mucus (as prepared in the previous section) to obtain the final concentrations (250, 500, 1000, 2000, 4000, and 8000 microspheres per mL). The samples were incubated for 60 min at room temperature with occasional stirring. The results were calculated based on the average of four replicates of measurements for each sample.

To assess the effectiveness of the mucus to sequester PS microspheres, the gel material (mucus with entrapped PS microspheres) was separated from the surrounding water with spatula and transferred into a new microcentrifuge tube, where it was resuspended in an equal volume of distilled water with vigorous mixing. The 200 μL of resuspended gel samples or the surrounding water were put into microtiter plates and fluorescence was determined with microplate fluorescence reader (Cytation 5, Biotek). In addition, the residual fluorescence, that is the fluorescence of PS microspheres not incorporated in the mucus, was measured. The fluorescence of PS microspheres was excited at 368 nm and detected at 530 nm. The background fluorescence was subtracted from the measured values.

Additionally, to compare the PS sequestration capabilities between different species, we used mucus collected from R. pulmo, M. leidyi, A. aurita, and C. tuberculata. Fresh or freeze-thawed mucus was used, as prepared in the previous section. 1.6 × 106 PS microspheres final concentration was added to 20 mL of 0.45 μm filtered seawater. 10 mL of mucus was then added to PS microspheres suspension in triplicates and mixed by hand. For control, 30 mL solution of 1.6 × 106/mL PS microspheres was used. Vials were incubated at 4°C for 2 h to reduce physical disintegration. One mL of surrounding water was sampled in triplicates after gently shaking the vial and transferred in 2 mL tube (Eppendorf). Fluorescence intensity in residual water was measured on a multiplate reader (SPARK, Tecan) at excitation wavelength 468 nm and emission wavelength 508 nm. The final PS microspheres concentration in the surrounding water (residual fluorescence, see Figure 2) was calculated from the linear regression calibration curve (PS suspension concentration was in the range from 0 to 1.6 × 106/mL, R2 = 0.96).
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FIGURE 2. Residual (water) PS concentration in control (no mucus) and in samples of mucus from four jellyfish species with fresh or thawed mucus. The used PS microspheres concentration was 1.6 × 106/mL. AA – A. aurita; CT – C. tuberculata; MN – M. leidyi; RP – R. pulmo. Each treatment had two biological and three technical replicates.


Finally, we tested the potential leakage of the fluorescent dye from the PS microspheres using blank control (seawater-resuspended PS microspheres from the same batch). Fluorescent dyes are used regularly in microplastics analyses as they absorb onto plastic surfaces, making them fluorescent and easier to detect (Maes et al., 2017). This way, they are suitable for a wide range of applications in medicine, biochemistry, colloid chemistry, and environmental studies (Schür et al., 2019). The blank control was prepared by resuspending 8000 microspheres per mL in seawater as described at the beginning of this section. PS microspheres were observed using confocal laser scanning microscopy (CLSM, see the section Microscopy for more details) at the beginning and after 60 min of incubation. The fluorescence of a minimum of 10 microspheres and the fluorescence of the background, with and without (i.e., after filtration using filters with pore diameter d = 0.20 μm) PS microspheres, were assessed.



Mucus Hydrolysis

A total of 500 μL of 2 M HCl was added to 30 mg of freeze-dried R. pulmo mucus in microcentrifuge tubes. The samples were heated for 60 min at 100°C. After hydrolysis the samples were neutralized with 2 M NaOH. During the hydrolysis the mucus material was occasionally sampled to check the viscosity of the suspension. When the viscosity of the sample was equal to water viscosity, the mucus was considered to be completely hydrolyzed. PS microspheres were added to the hydrolyzed mucus in a concentration of 8000 microspheres/mL. The samples were incubated for 60 min at room temperature. Next, the viscosity of the suspension was measured and compared to the control unhydrolyzed mucus samples.



Mucus Homogenization

Different homogenization procedures were tested using fresh mucus to assess the homogenization effects on PS microspheres capture efficiency. The R. pulmo mucus was either untreated (T1), vortexed for 20 s (T2), homogenized with ultrasound homogenizer for 10 s (T3), or homogenized with ultrasound homogenizer for 20 s (T4). Freshly released mucus was collected and distributed into four 50 mL falcon tubes (30 mL in each). After each treatment, 10 mL of mucus was transferred into 40 mL glass vials in triplicates to which 20 mL of 0.45 μm (MCE syringe filter, Millipore) filtered seawater and 1 mL of 3.2 × 107/mL PS microspheres stock suspension were added. In a control sample with no mucus added (C), 1 mL of PS microspheres stock suspension was added to 30 mL of filtered seawater. The vials were shaken manually and incubated at 4°C for 2 h. The surrounding water was subsampled after gentle shaking for fluorescence measurements on a multiplate reader (SPARK, Tecan) at excitation wavelength 468 nm and emission wavelength 508 nm. The difference between treatments and the control were assessed with analysis of variance with post hoc Dunnett tests. Data were analyzed and plotted in R using ggplot2 (Wickham, 2016) and multcomp packages (Hothorn et al., 2008).



Viscosity Measurements

For viscosity measurements mucus samples were transferred to the rotational rheometer Physica MCR 302 (Anton Paar, Graz, Austria). All the samples were measured at 25.00°C (± 0.01°C). The samples were placed in the center of the lower rheometer plate using a pipette tip. The PP25 measuring system was used for measurements with approximately 0.07 mL of mucus sample. The gap between the upper and lower measuring plate was reduced to the trim position. The trim gap position was 10 μm higher than the measuring gap position. We have ensured that the gap was completely filled with the sample. A trimming tool was used to remove any excess material along the brim of the plate, so that the sample corresponded to the external diameter of the upper plate. Next, the final measuring gap of 100 μm was approached. During the compression phase of the sample the normal force was constantly monitored on the rheometer and did not exceed 2N. Viscosity was measured at shear rates ranging from 1 to 1000 s–1 in 25 logarithmically spaced steps. All the samples were independently repeated for at least six times to obtain the average values and standard deviations.



Microscopy


Confocal Laser Scanning Microscopy

For observation of isolated mucus we used LSM 800 Confocal laser scanning microscope based on the inverted Axio Observer Z1 microscope (Zeiss, Göttingen, Germany) operating in wide-field mode. Samples were observed with 20×/NA 0.4 or 63×/NA 0.75 objective with DIC technique. The microscope was operated by ZEN 2.3 (Carl Zeiss Microscopy GmbH) software and images were acquired by AxioCam MRm3 (Zeiss). The samples were prepared by placing 10 μL of mucus on microscopic slides covered by 1.5 # coverslips. To study the interactions between PS microspheres and the mucus the 10 μL mixture of PS microspheres and mucus was stained by 1 μL propidium iodide (final c = 0.1 mg/mL). In confocal laser scanning mode, the optical slicing was performed in 2 μm steps by using Plan-Apochromat 100×/NA 1.40 Oil objective. The image surface area was (85 × 85) μm with the resolution of 1083 × 1083 pixels. Propidium iodide fluorescence was excited at 561 nm diode laser, emission range was between 595 and 700 nm. The fluorescence of PS microspheres was excited at 488 nm diode laser, the emission range was between 600 and 700 nm. The master gain of GaAsP Pmt detectors was set to 650 and 750 V for 488 and 561 nm channel, respectively. The pinhole size was set to 1 AU. The frame time was 7 s and about 30 images in the z direction were taken per sample. The images were visualized, and pseudo colored by ImageJ software (Rueden et al., 2017).



RESULTS

The fresh mucus collected from C. tuberculata, A. aurita, M. leidyi, and R. pulmo jellyfish had the ability to remove PS microspheres from the suspension (Figure 2). The data represent residual fluorescence that remained in the surrounding water when mucus was removed. Although fresh A. aurita and M. leidyi mucus had the lowest residual water PS microspheres concentration, indicating the highest PS microspheres removal rates, their mucus was more difficult to obtain and was less stable. As a rule, thawed mucus had a lower microplastics sequestration capability, demonstrated by the increase in residual water PS microspheres concentration compared to fresh samples. The differences between fresh and thawed mucus were not statistically significant for R. pulmo. Since the mucus of R. pulmo was easiest to obtain in large quantities we have used it for further analyses.

The mucus material collected from R. pulmo jellyfish is shown in Figure 3. It contained large oval structures (nematocysts) embedded in a viscous matrix. The nematocysts represent a large fraction of the mucus material and indicate that jellyfish were under stress during the mucus isolation.
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FIGURE 3. The mucus isolated from Rhizostoma pulmo under light microscope (A) and large oval structures called nematocysts (B).


The ability of R. pulmo mucus to sequester fluorescently labeled PS microspheres is shown in Figure 4. The collected mucus had a translucent coloration. After the addition of PS microspheres, mucus became denser and intensely yellow-green colored, suggesting an incorporation of PS microspheres into the mucus structure. To quantify the incorporation of PS microspheres, the fluorescence intensity of the mucus before and after the addition of different concentrations of PS microspheres as well as the residual fluorescence were determined. When 8000 PS microspheres per mL were added to the mucus suspension, approximately 50% were sequestered in the mucus. The fraction of the sequestered PS microspheres did not change significantly with the increasing concentration of microspheres. The validity of the results was confirmed by testing the potential leakage of the fluorescent dyes in our blank control. On average, the fluorescence of the microspheres decreased by only 1.1% after 60 min of suspension in seawater. This decrease could be attributed to bleaching during the light exposure. Importantly, there was no increase of background fluorescence observed that could be attributed to a potential dye leakage, thus validating our experimental approach. This is in line with other similar leakage control experiments, where a negligible dye leakage was observed even after 48 h (Murano et al., 2021).
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FIGURE 4. Fluorescence intensity of the control microspheres suspension (red). The green line shows microspheres sequestered in mucus (30 mg/mL), and the blue line shows residual fluorescence due to microspheres remaining in the surrounding water. The measurements are denoted with dots, while a linear regression fit is represented with a line. In the inset the mucus prior (left) and after the addition of PS microspheres aggregates (right) is shown. The number of replicates for control treatments was three, while for mucus samples between five and seven replicates were used for each treatment, as indicated by colored dots.


The interactions between the mucus and PS microspheres increased the mucus viscosity as provided in Figure 5. The suspension of only PS microspheres had low viscosity that was comparable to water (Figure 5B, dashed lines). The mucus, on the other hand, behaves as a pseudoplastic non-Newtonian fluid where the viscosity of the mucus decreased with the increasing shear rate (Figure 5A, dashed lines). When PS microspheres in the concentration of 8000 particles/mL, representing 0.05% (v/v), were added to the increasing concentrations of mucus the viscosity and pseudoplasticy of the samples increased (Figure 5A). This suggests that the addition of PS microspheres induced structural changes in the mucus important for microspheres sequestration. On the other hand, when the concentration of the mucus was kept constant and the number of PS microspheres was increased, the viscosity response saturated at higher PS to mucus ratios (Figure 5B) as is to be expected due to a finite capacity of mucus to trap microspheres.
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FIGURE 5. Viscosity curves for the mucus – PS microspheres suspensions. (A) The concentration of PS microspheres was kept constant at 8000 particles/mL, the mucus concentration was increased from 1 to 6% (w/v). Two control mucus samples without PS microspheres are shown (c3, c6 with 3 and 6% mucus, respectively). (B) The concentration of mucus was kept constant at 3% whereas the concentration of PS microspheres was increased from 2000 to 9600 particles/mL. Two control samples without added mucus are shown (c8000, c9600 with 8000 and 9600 particles/mL, respectively). The error bars represent standard deviations (n = 5–6 for PS samples and 2–3 for control samples).


To check the microstructure of the microplastics - mucus aggregates we used fluorescence microscopy (Figure 6). The PS microspheres that were embedded in the mucus had a uniform size and fluorescence intensity and were non-homogenously distributed in the mucus network structure. The mucus stained with fluorescent propidium iodide formed a 3D network with flocks of different sizes. Most of the PS microspheres that were trapped in the mucus had point contacts with the mucus. The surface of the PS microspheres was relatively sparsely covered with the mucus. Some of the PS microspheres appeared to interact with each other via depletion interactions.
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FIGURE 6. Fluorescence images of PS microspheres in contact with the mucus observed by 20x objective (A) and 100 x objective (B); PS microspheres (green), mucus stained with propidium iodide (red).


To better characterize the interactions of the individual PS microspheres with mucus network we performed optical slicing of the individual spheres using confocal microscopy (Figure 7). Most of the mucus was either above or below the plane of the PS microsphere and had only limited point contacts with the mucus at different focal planes. This suggests that PS microspheres were trapped in the physical gel polymer structure and that direct chemical interactions were not the main driving forces of microsphere sequestration.
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FIGURE 7. Confocal laser scanning microscopy (CLSM) image of PS microsphere in contact with mucus at different focal plains from bottom to the top (A–F) of the microsphere. The mucus was stained with propidium iodide (red), the PS microsphere is dyed with Firefli™ Fluorescent Green.


To check if polymer higher structures are important for the ability of mucus to trap PS microspheres, we hydrolyzed mucus in 2 M HCl at 100°C. The viscosity of the hydrolyzed sample decreased 21-fold and was comparable to the viscosity of water or water suspension of PS microspheres (Figure 8). The hydrolyzed mucus was not able to sequester the PS microspheres.
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FIGURE 8. Viscosity of mucus, PS microspheres suspension, hydrolyzed mucus and hydrolyzed mucus with PS microspheres is presented with the box and whiskers plots. Three replicates were used for measuring the PS microspheres suspension (control), while n = 5 was used for the rest of the treatments.


In addition to chemical hydrolysis, the mucus structure can also physically disintegrate upon shear stress, which would decrease PS microspheres sequestration. To test this, we mechanically treated mucus with vortex mixing or ultrasonic homogenization (Figure 9). Compared to untreated fresh mucus samples (T1), the mucus removal of PS microspheres decreased for approximately 50 to 80% for vortex treated and long ultrasound homogenized samples, respectively. No significant difference was observed between the short ultrasound homogenization (T3) and untreated PS-mucus samples (T1).
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FIGURE 9. Residual fluorescence remained in the suspension after mucus samples were shear stressed. Control – PS microspheres added to seawater; SW – seawater without PS microspheres added; T1 – untreated mucus with PS microspheres; T2 – vortex treated for 20 s; T3 – ultrasound homogenized for 10 s; T4 – ultrasound homogenized for 20 s. n = 3 for all treatments. Stars denote a significant difference between treatments and control; * (p < 0.05); ** (p < 0.01); *** (p < 0.001).


For long term storage of mucus freezing could be used. The effects of freeze-thawed and freeze-dried samples on the mucus viscosity and the ability to sequester the PS microspheres are given in Figure 10A. The freshly prepared mucus was the most viscous and pseudoplastic. The viscosity of the freeze-thawed and freeze-dried mucus were significantly lower compared to the fresh mucus. The abilities of different mucus to remove PS microspheres from the water are given in Figure 10B. The freshly prepared mucus sample had the lowest residual fluorescence, indicating the highest removal rate of the PS microspheres. The residual fluorescence was highest with freeze-dried samples which suggests the lowest PS microspheres removal capacity. The ability of the mucus to remove PS microspheres correlated with mucus viscosity and pseudoplasticity. The higher the viscosity and pseudoplasticity of the mucus, the more PS microspheres were removed and the lower the residual fluorescence was observed. This corroborates the mechanical shear and hydrolysis experiments and implies that structure of the mucus is important for PS microspheres entrapment.
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FIGURE 10. The effect of R. pulmo mucus processing on viscosity and ability to sequester PS microspheres. The viscosity curves (A) and the residual fluorescence intensity in the water after addition of mucus (B), n = 4. The concentration of mucus was 3% (w/v). The samples were prepared either freshly, after freeze/thaw, and freeze/dry preprocessing.




DISCUSSION

In this work we have tested the ability of the mucus material collected from C. tuberculata, A. aurita, M. leidyi, and R. pulmo jellyfish to remove PS microspheres. All tested jellyfish mucus had the capacity to remove PS microspheres. Previously it has been shown that jellyfish mucus could represent a biological matrix for entrapment of dispersed oil droplets (Gemmell et al., 2016). Similarly, Patwa et al., 2015 described gold and quantum dots nanoparticles bio-accumulation in the mucus of A. aurita, P. noctiluca, and M. leidyi. The results of this study report that jellyfish mucus has the ability to sequester PS microplastics. The viscous mucus structure physically entraps microplastics particles from the suspension, which increases the mucus structure. This may be a useful property in applications as a more compact mucus is easier to collect from the liquid. This has been demonstrated independently with three different approaches. The fluorescence of the mucus increased after the addition of fluorescently labeled PS microspheres. Second, the mucus viscosity increased monotonically with the increasing concentration of PS microspheres. Third, the entrapment of PS microspheres in the mucus physical gel network structure was demonstrated with confocal microscopy.

Mucus is a hydrophilic polyelectrolyte material (Verdugo, 2012). On the other hand, PS microspheres are capable of ionic interactions, secondary ion-exchange and hydrophobic interactions (Kazarian et al., 2013). The LogP of PS microspheres is 0.48, suggesting low to medium hydrophobicity of this material. According to the manufacturer information, the inclusion of a fluorescent dye in the PS microspheres should not change the surface properties significantly since PS microspheres are internally dyed to prevent leaching and provide a dye-free surface for coupling (Abraham et al., 1997). The PS microspheres could therefore interact electrostatically with the mucus, however, the contact area between the PS microspheres and mucus was very small and physical entrapment is more likely.

The physical entrapment of PS microspheres in mucus significantly increased its structure (viscosity), suggesting that interactions between mucus and PS microspheres enhanced the gel network structure. The effect of new molecular contacts between mucus and PS microspheres could be significant if the initial connectivity of the system is low. Compared to other polymers which exhibit gel properties, the jellyfish mucus viscosity was relatively low (i.e., 65 mPas at 3% (w/v) at a shear rate of 10 s–1). For example, the viscosity of 2% (w/v) methylcellulose at shear rate of 10 s–1 is 300 mPas (Cerar et al., 2017) whereas 0.25% (w/v) gellan has a viscosity of 100 mPas at 10 s–1 (Haoping et al., 2014). The viscosity of mucus was approximately 30-fold lower than the viscosity of the DNA at the same concentration (Stojković et al., 2015). Given the low initial viscosity of the jellyfish mucus, the addition of PS microspheres and the formation of new contacts with mucus could significantly increase the viscosity of the aggregate as was observed. It is interesting to note that pseudoplasticity of mucus correlated with mucus sequestration ability. The highest PS microspheres sequestration was observed in freshly prepared mucus which had the highest pseudoplasticity. Consistently, a mechanical disintegration by vortex mixing or ultrasonic homogenization decreased the PS microspheres sequestration. The importance of the mucus polymeric network structure for PS microspheres sequestration was most clearly demonstrated with the experiment where we have hydrolyzed the mucus. In the absence of the mucus polymer structure no PS microspheres sequestration was possible.

To use jellyfish mucus for microplastics removal there are several hurdles to overcome. (i) The mucus availability is strongly dependent on seasonal and regional blooms of the jellyfish, which increases the production costs due to the need for rapid and efficient biomaterial processing and storage. (ii) The stability of fresh mucus material is critical and would need to be increased to allow for the long-term storage of mucus. (iii) The effects of microplastics size and shape as well as its composition on sequestration process need to be determined to establish the optimal concentrations and sequestration protocols. (iv) Finally, an in-depth life cycle assessment is crucial to assess the feasibility of using mucus for microplastics sequestration, taking into consideration the sustainable harvesting of jellyfish. In this work we have focused on the removal potential of this material. Should this or similar removal strategies be implemented into microplastics removal processes, the duration and stability of sequestration should be tested as well, to establish the storage conditions of this sequestered material before its potential recycling. As mucus is biodegradable (Bakshani et al., 2018), a potential next step in the processing of removed microplastics is the establishment of biodegradation conditions or the use of degradation enzymes to speed the release of sequestered particles for proper disposal or recycling.
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