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Soluble Extracellular Polymeric Substances (sEPS) are a mixture of microbial soluble polymers produced during aerobic or anaerobic treatment of wastewater. Gel layers mainly consisting of sEPS are usually present in the fouling layers of membrane bioreactors (MBRs) and in the dynamic membranes (DMs) of dynamic membrane bioreactors (DMBRs), and their properties have not been thoroughly investigated over the years. In this study, sEPS fractions recovered from aerobic and anaerobic reactors were analyzed and tested to build-up EPS gel layers on a 0.2 µm pore size polycarbonate carrier. Dead-end filtration experiments showed that anaerobic sEPS layers, which have a low polysaccharide:protein (PS:PN) ratio, had a lower hydraulic resistance than the aerobic sEPS gel layers, which show a high PS:PN ratio. Optical Coherence Tomography (OCT) and Confocal Laser Scanning Microscopy (CLSM) analyses highlighted that both layers had similar thicknesses and 3D structural organizations. Fluorescent staining of organics and biovolume analysis revealed that for the anaerobic sEPS (low PS:PN), the abundance of proteins appears to destabilize the polysaccharide network increasing the water permeability through the layer. Additionally, the polysaccharides present in the anaerobic sEPS were mainly of the α-linked type, contributing to a more open crosslinked network within the layer, resulting in the low filtration resistance measured. The filtration characteristics observed in this study for the sEPS layers from anaerobic mixed cultures are of interest for possible future application of those layers as dynamic membranes within anaerobic reactors.
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1 INTRODUCTION
Anaerobic digestion is a widely applied biotechnological process that converts organics from waste(water) streams into energy-rich biogas (Appels et al., 2008; van Lier et al., 2015; Mancini and Raggi, 2021). Unfortunately, this process’s efficiency is often limited by washout of the slow-growing anaerobic microorganisms and/or by insufficient retention of (biodegradable) wastewater solids and colloidal matter. These issues can be tackled by combining the biological process with a membrane in an anaerobic membrane bioreactor (AnMBR), which allows for higher volumetric loading rates and a better effluent quality (Lin et al., 2013; De Vela, 2021).
Long-term operation of membrane bioreactors such as AnMBRs results in the formation of a gel and/or cake layer on the membrane’s surface. The gel layer mostly consists of biopolymers of microbial origin (colloidal and soluble), while the cake layer consists of particles and suspended solids (Wang et al., 2008; Lin et al., 2013; De Vela, 2021). These layers can act as a secondary membrane and dictate filtration resistance and particle retention (Meng et al., 2007; Hu et al., 2016). In this case, the membrane acts merely as a carrier structure for the gel and/or cake layer.
These layers, also called dynamic membranes (DM) were previously used in standard non-biological separation processes, with outstanding removal of fine particles, for example, in the juice clarification process (Kishihara et al., 1989), and in the ultrafiltration separation of aqueous solutions containing poly(ethylene glycol)s with a wide range of molecular weights (Tsapiuk, 1996). In the non-biological DM the layer formed can be categorized as gel or cake layer depending on the layer composition/formation. Cake layers are formed by the deposition of particles in carriers with big pore sizes (10–500 µm). Gel layers instead are shaped by the formation of a polymer network near the carrier interface due to the retention of soluble and colloidal polymers, using carriers with small pore sizes (0.01–1 µm) (Tanny, 1978; Ersahin et al., 2012; Anantharaman et al., 2020).
Dynamic membrane bioreactors (DMBRs) use DM to replace the commonly used micro- or ultra-filtration membranes. The biological DM uses a low-cost material such as an open mesh, which acts as a carrier for the deposition and growth of a layer made of suspended solids, already present or added in the reactor, and constituting the actual filtration medium (Ersahin et al., 2012; Ersahin et al., 2017; Sabaghian et al., 2018; Millanar-Marfa et al., 2021). DMBRs have shown remarkable retention capacity for suspended solids, macromolecules, and flocs, and the DM can be easily back washed and re-formed in situ (Zhang et al., 2014; Pollice and Vergine, 2020; Siddiqui et al., 2021).
Opposite to the well-defined layer type in non-biological DM, the active layer present in the DMBR is categorized as cake plus gel layer, due to the deposition of particles/aggregates, and soluble microbial polymers on the carrier material.
While the cake layer’s role in the DM has been studied extensively (Liu et al., 2009; Ersahin et al., 2016; Xiong et al., 2016), studies on the main characteristics and filtration properties of gel layers are scarce.
Three studies (Fan and Huang, 2002; Chu and Li, 2006; Lei et al., 2021) observed that gel layer formation within a DMBR was a key event for removing both suspended particles and COD during the process.
There is no consensus in the literature in terms of the gel layer’s contribution to the hydraulic resistance of the DMBR. On the one hand, the gel layer is reported to give high filtration resistance to the DM and is therefore considered a fouling layer (Huang et al., 2019). In contrast, other studies reported DMBR with low filtration resistance in the gel layer’s presence (Chu and Li, 2006). Substantial differences in gel layers composition probably cause the inconsistency in the literature concerning their hydraulic resistances. The relation between composition and hydraulic resistance of the gel layer needs to be studied in more detail. The main component present in the gel layer of the DMBR, is soluble or clustered extracellular polymeric substances (EPS) (Zhang et al., 2010; Yu et al., 2015; Lei et al., 2021). Additionally, soluble EPS (sEPS) are often related to the initial stages of forming the gel layer in MBR (Lin et al., 2013; Hong et al., 2014).
sEPS, reported in literature also as soluble microbial products (SMP), are a mixture of moderate molecular weight and biodegradable soluble components. sEPS are released during cell lysis or excreted by microorganisms during biological treatment of wastewater (Laspidou and Rittmann, 2002; Kunacheva and Stuckey, 2014), and are mainly composed of polysaccharides and proteins (Flemming and Wingender, 2010; Seviour et al., 2018).The polysaccharide to protein ratio (PS:PN) of microbial EPSs affects properties such as hydrophilicity, ion adsorption, swelling, complexation, and aggregation (Jørgensen et al., 2017; Shi et al., 2017). For example, the presence of higher amounts of polysaccharides, the hydrophilic fraction of EPS, was correlated with faster clogging of membrane pores and higher irreversible fouling in MBRs (Hong et al., 2018).
In aerobic treatment reactors, sEPS mainly consist of polysaccharides (40–60 w/w %) (Liu and Fang, 2002; Rusanowska et al., 2019), which are considered to be the main fouling agents in aerobic MBRs (Chu and Li, 2005; Wang and Waite, 2008; Shi and Liu, 2021). In anaerobic systems, instead, the polysaccharide fraction of EPS (10–30 w/w %) generally is much lower than the protein fraction (50–80 w/w %) (Berkessa et al., 2018; Hu Y. et al., 2018). A study comparing the chemical composition of different fractions of sEPS collected from aerobic and anaerobic sources showed that sEPS collected from aerobic sources have PS:PN ratios near 1, while anaerobic sources have lower PS:PN ratios 0.5–0.1 (Liu and Fang, 2002). Other studies reported similar sEPS PS:PN ratios in aerobic and anaerobic treatment reactors (Hu D. et al., 2018; Rusanowska et al., 2019).
Yao et al. (2010), who carried out filtration experiments with mixtures of the model polysaccharide sodium alginate and the model protein bovine serum albumin, showed that a higher protein fraction gave lower fouling rates (Yao et al., 2010). This indicates that sEPS rich in protein, such as in anaerobic reactors, may have a beneficial effect on gel layers’ filtration process.
In this study, a more concrete evaluation of the impact of the PS:PN ratio on the gel layer formation and its filtration properties was explored based on real sEPS harvested from lab-scale aerobic and anaerobic reactors.
A lab-scale anaerobic reactor was used to produce and harvest anaerobic sEPS with a low PS:PN ratio. The latter was compared to sEPS with a high PS:PN ratio, sampled from an aerobic system. The two different sEPS sources were applied in dead-end filtration cells to form a sEPS gel layer on a porous polycarbonate carrier (0.2 µm pore size). Gel layers formation and performance were evaluated based on flux decline during the layer build-up and hydraulic resistance after the layer formation. The sEPS layer thickness, structure, and macromolecular arrangement were further investigated via fluorescent staining techniques coupled with confocal laser scanning microscopy (CLSM) and optical coherence tomography (OCT).
2 MATERIALS AND METHODS
2.1 Anaerobic and Aerobic Bioreactors Operation for sEPS Production
2.1.1 Anaerobic Bioreactor
An anaerobic continuous stirred tank reactor (CSTR) of 11 L was inoculated with 1 L of sludge (55 g volatile suspended solids L−1) from an anaerobic digester of the municipal wastewater treatment plant (WWTP) of the city of Leeuwarden, the Netherlands. The sludge was acclimated for 4 months to synthetic wastewater consisting of a mixture of macro- and micro-nutrients and a combination of glucose, acetate, and tryptone as substrate in a 3:2:1 chemical oxygen demand (COD) ratio (Sudmalis et al., 2018). This soluble substrate mixture was chosen because it was reported that such a substrate ratio would stimulate EPS production (Gagliano et al., 2018). The organic loading rate (OLR) was 1 g COD L−1 d−1, with a hydraulic retention time (HRT) of 11 d. After the acclimation period, the CSTR was operated for 100 days at 37 ± 1°C, at an average pH of 7.4 ± 0.2, and monitored for its sEPS production. Supplementary Table S1 of the supplementary information provides more details about the operation and performance of the anaerobic CSTR.
2.1.2 Aerobic Bioreactor
The aerobic membrane bioreactor (MBR) (3.3 L) was inoculated with activated sludge from the same WWTP. The aerobic reactor was kept at a temperature of 20 ± 1°C and operated at a solid retention time (SRT) of 15 days and an HRT of 5 h. The system was fed with nutrients and the readily biodegradable substrates glycerol and ethanol. The aerobic MBR was specifically designed and operated to produce EPS with a high polysaccharide content. More details are reported by Ajao et al. (Ajao et al., 2018; Ajao et al., 2019).
2.2 sEPS Recovery and Analysis
The mixed liquor of the aerobic MBR and effluent of the anaerobic reactor were used to collect the sEPS fractions by centrifugation for 20 min at 10,000 g, following a procedure described in detail Ajao et al. (Ajao et al., 2018). The supernatants were dialyzed using a tubular dialysis membrane with 12–14 kDa molecular weight cut-off (Spectra/Por 2, United States) against demi water for 5 days with demi water changes every 24 h. The supernatant produced by the centrifugation step was mainly composed of sEPS (Nielsen and Jahn, 1999). sEPS fractions were subsequently recovered by lyophilization (Alpha 2-4 LSCplus, Germany) in triplicate (for the anaerobic CSTR) or duplicate (for the aerobic MBR). Lyophilized samples were used to prepare solutions in Milli-Q water (demineralized water purified by the Milli-Q advantage A10 water purification system) at a concentration of 1 g sEPS L−1 to characterize and compare anaerobic and aerobic sEPS.
The total polysaccharide concentration of these solutions was determined in duplicates by the phenol-sulfuric acid method, with glucose as standard (Dubois et al., 1956). Protein content was determined in triplicate with the Pierce Bicinchoninic Acid Protein Assay Kit (Thermo Scientific, United States) using bovine serum albumin as standard. The COD was determined with Hach Lange LCK514 kits (HACH GMBH, Germany).
2.3 Gel Layer Formation Experiments With sEPS
The sEPS solutions were subsequently diluted with Milli-Q water to achieve a concentration of 100 mg COD L−1. CaCl2 was added to obtain a concentration of 30 mg L−1 Ca2+ to induce gel formation during the filtration process (van den Brink et al., 2009; Wang and Waite, 2009). The sEPS solutions were applied in dead-end filtration cells, as depicted in Figure 1, to test the gel layers’ formation and properties. The cells were stirred at 100 rpm with a magnetic stirrer and operated at a pressure of 0.2 bar. A circular 45.3 cm2 track-etched polycarbonate (PC) membrane with a nominal pore size of 0.2 µm (Sterlitech, United States) was used as the carrier material. The relatively small pore diameter of 0.2 µm was chosen to increase sEPS retention and allow for faster sEPS gel layer formation. Moreover, the use of PC membranes is well described in the literature for fouling studies due to the defined pore size distribution and architecture, allowing the research to be focus mainly on the gel layer properties.
[image: Figure 1]FIGURE 1 | Dead-end filtration system used for the sEPS gel layer formation experiments.
In each experiment, approximately 0.6 L of the sEPS feed solution was filtered. Over time, the cumulative permeate volume was recorded with a digital mass balance (KERN PLJ, Germany) connected to a BalanceConnection software package (KERN SCD 4.0, Germany). The filtration experiments were performed in triplicate (Supplementary Figure S1). Flux profiles during the layer formation and hydraulic resistances after gel layer formation were calculated to monitor the sEPS gel layers’ formation. The total hydraulic filtration resistance was calculated from Darcy’s law (Grenier et al., 2008). The hydraulic resistance is measured before and after gel layer formation to calculate the clean carrier’s hydraulic filtration resistance and the total hydraulic filtration resistance after gel layer formation, respectively. The filtration resistance of the sEPS gel layer was obtained by subtracting the clean carrier filtration resistance from the total filtration resistance. After the filtration runs, the sEPS layers on their carrier were carefully removed from the filtration chamber under fully hydrated conditions for subsequent microscopy and OCT analysis.
2.4 Characterization of the sEPS Gel Layers
2.4.1 Crystal Violet Staining and Bright-Field Stereomicroscopy
The sEPS gel layers were visualized with crystal violet 0.1% (v/v) staining (O'Toole, 2011). The stained layer was observed using a Leica MZ95 Stereomicroscope equipped with a DFC320 camera (Leica Microsystems, Germany).
2.4.2 Optical Coherence Tomography
The sEPS gel layers’ thicknesses were accessed by a spectral-domain OCT (Thorlabs Ganymede OCT System, United States). The OCT was equipped with a 5x telecentric scan lens (Thorlabs LSM03BB, United States) with a maximum scan area of 100 mm2. The OCT provided high-resolution images with a sensitivity of 106 dB at 1.25 kHz A-scan rate.
2.4.3 Fluorescence Microscopy Analyses
The distribution of polysaccharides and proteins in the EPS gel layer was analyzed with specific fluorescent dyes and CLSM. For this purpose, immediately after the formation of the sEPS gel layer in the dead-end filtration system, a solution of 0.1 M sodium bicarbonate buffer, pH 8.2, was filtered to keep the amine groups of proteins in deprotonated form. Afterward, three staining solutions of 0.5 g L−1 of fluorescein isothiocyanate (FITC) (Thermo Fisher Scientific, United States), 0.3 g L−1 of calcofluor white (CW) (Fluka, Canada), and 0.25 g L−1 of Concanavalin A (Con A)—rhodamine, (Thermo Fisher Scientific, United States) were sequentially filtered through the gel layer to stain proteins, β-linked D-glucopyranose sugars, and α-polysaccharides rich in mannose and glucose, respectively. The staining solutions were allowed to stay at least 30 min in static contact with the gel layer. After each staining step, the sample was washed twice with a phosphate buffer solution (0.25 X).
After staining, the gel layers were maintained under fully hydrated conditions for further processing. Samples were examined by CLSM using the LSM 880 model (Zeiss, Germany). The sample scanning was carried out from the gel layers’ top surface to the PC membrane’s top surface, with a plan apochromat 40X/1.3 Oil DIC M27 objective. Visualization and analysis of samples were performed with Zen Black software (Zeiss, Germany). The FITC, CW, and rhodamine -Con A fluorophores were detected by excitation/emission at 488/500–540 nm, 405/410–480 nm, and 540/605–630 nm, respectively. The FIJI software package (version 1.51 g, Wayne Rasband, NIH, Bethesda, MD, United States) was used to merge the different color channels into single images and to construct three-dimensional (3D) objects from the CLSM stacks.
The gel layer’s biovolume was defined as the volume occupied by the polysaccharides and proteins in the sEPS layer. The biovolume was calculated by converting each CLSM stack pixel into individual voxels. A voxel was defined as the product of the squared pixel size and the scanning step size (1 µm) of the CLSM stack. The total number of voxels in the CLSM stacks defined the total volume of the gel layer. After pre-processing of each channel of the CLSM stacks, image segmentation was applied to calculate the biovolume of proteins, α-polysaccharides, and β-polysaccharides through the Voxel Counter plugin of the FIJI software.
3 RESULTS AND DISCUSSION
3.1 Aerobic and Anaerobic sEPS Recovery and Analysis
Supplementary Table S1 gives the most important operational and performance parameters of the anaerobic CSTR used in this study to produce and harvest sEPS from anaerobic mixed cultures. The sEPS obtained from the reactor’s effluent increased in concentration during the operational period of 100 days and was between 100 and 170 mg L−1. The PS:PN ratio variation calculated for the sEPS collected in this period was small (Table 1). As expected, and in agreement with earlier studies on anaerobic sEPS samples (Liu and Fang, 2002; Berkessa et al., 2018; Hu Y. et al., 2018), an average PS:PN ratio of 0.1 ± 0.02 was found. The sEPS collected from the aerobic MBR had a much higher PS:PN ratio of 1.4 ± 0.4 (Table 1), which was expected as this reactor was specifically operated to produce high amounts of polysaccharides-rich EPS (Ajao et al., 2018). Note that the sum of the polysaccharides and proteins does not account for 100% of the sEPS because also other compounds are usually detected in sEPS mixtures, such as some complex organic colloids, nucleic acids, lipids, and humic-like substances (Janga et al., 2007; Ajao et al., 2018).
TABLE 1 | Anaerobic and aerobic sEPS concentrations, their polysaccharide (PS) and protein (PN) content, and their ratio (PS:PN ratio).
[image: Table 1]3.2 Gel Layer Formation With Aerobic and Anaerobic sEPS
Aerobic sEPS (high PS:PN ratio) and anaerobic sEPS (low PS:PN ratio) were used in dead-end filtration experiments to form a gel layer on the 0.2 μm PC carrier. Due to the different EPS yields of the two lab-scale reactors used in this study, a single sample collected from the aerobic MBR was enough to carry out all the experiments, while multiple samples had to be taken from the anaerobic CSTR (as listed in Table 1). However, as indicated in Table 1, the PS:PN ratio of the anaerobic samples was similar. Lyophilized samples were used to prepare solutions in Milli-Q water at a concentration of 1 g sEPS L−1, which corresponding COD concentrations were 740 mg COD L−1 for anaerobic and of 1,137 mg COD L−1 for aerobic sEPS. These solutions were diluted to 100 mg COD L−1 in Milli-Q water to obtain approximately 152 ± 14 mg L−1 of anaerobic EPS and 93 mg L−1 of aerobic sEPS. The sEPS solutions were filtered through the 0.2 μm PC carrier to form the gel layers, which were then collected and evaluated via bright field stereomicroscopy and OCT (Figure 2). Both sEPS layers were positive to 0.1% crystal violet staining, which indicates the deposition of microbial biopolymers on the PC carrier’s surface (Figure 2A), forming a gel layer covering the carrier. OCT analysis showed an average thickness of approximately 100 ± 42 μm, but with an uneven non-uniform distribution of the sEPS on the carrier’s surface (Figure 2B). A considerable variation in thickness was observed for the high PS:PN sEPS layer, ranging between 26 and 202 μm. The filtration experiments with the aerobic and anaerobic sEPS solutions were performed in triplicate, as presented in Fig.S1. Figure 3 shows flux profiles in time and final filtration resistances of the layers that were formed, one representative experiment per each sample used. These profiles can be divided into two stages: formation stage I, with a fast-flux decline, and an operational stage II, with a slowly declining or stagnant flux (Figure 3A). For the aerobic produced, high PS:PN ratio sEPS, the flux decline was very fast, taking only 0.4 h for the flux to decrease from 300 to below 5 L m−2 h−1, indicating rapid deposition of sEPS on the carrier. Working with the anaerobic sEPS with a low PS:PN ratio, a much longer formation phase was observed, as the flux decline from 300 to below 5 L m−2 h−1 took more than 8 h.
[image: Figure 2]FIGURE 2 | sEPS gel layers after the dead-end filtration experiments. (A) A bright field stereomicroscopy image of low PS:PN sEPS layer stained with crystal violet on the top of the polycarbonate carrier. Zone I and II are the carrier zones covered with a rubber o-ring; zone III is where the sEPS layer formed. (B) Static OCT images of the layers formed with sEPS with high (upper image, from the aerobic reactor) and low (lower image, from the anaerobic reactor) PS:PN ratios.
[image: Figure 3]FIGURE 3 | Filtration properties of sEPS gel layer. (A) Flux profiles as a function of filtration time at constant pressure (0.2 bar) of the sEPS with low PS:PN ratio (anaerobic, grey line) and high PS:PN ratio (aerobic, black line). A formation (I) and operational phase (II) are indicated. The data profile was obtained from the triplicate filtration experiment (Replicates are shown in Supplementary Figure S1). (B) Final filtration resistances of the layers.
Similar results observed in stage I (Figure 3A) were reported by Yao et al. when using a mixture of model compounds (sodium alginate and bovine serum albumin) filtered on 0.2 μm pore size PC microfiltration membranes, observing that the initial fast-flux decline was shortened at higher PS:PN ratios (Yao et al., 2010). Other studies that investigated membrane fouling in MBRs also discovered that an increase of filtration resistance correlates positively with the concentration of polysaccharides and the resulting increase of the viscosity in the feed solution (Lesjean et al., 2005; Drews et al., 2006). Yun et al. reported the formation of a uniform network of polysaccharides of low porosity as the main reason for the increase in the filtration resistance observed in aerobic MBRs (Yun et al., 2006).
The much slower flux decline during stage II in both cases was most likely dictated by a simultaneous accumulation and detachment of sEPS, probably due to the shear force imposed by the magnetic stirrer. Although both layers have a similar average thickness (Figure 2B), the gel layers’ mechanical stability to the shear force and their corresponding hydraulic resistances can be quite different. A common explanation reported in the literature is that the gel-like layers with higher PS:PN ratios have stronger polymeric networks than gels with low PS:PN ratios due to the high physical crosslinking density of the PS chains (Le and Turgeon, 2013; Zhang et al., 2018). The strength and the mechanical stability of the gel layer to the shear force most probably result in constant filtration properties. However, to the best of our knowledge, no studies have addressed the correlation between PS:PN ratio and mechanical stability of sEPS layers against shear force.
Although the average thickness of the two sEPS layers was similar, 100 ± 42 μm (Figure 2B), the hydraulic filtration resistance of the layer formed with the low PS:PN ratio anaerobic sEPS was 50 times lower than the resistance of the high PS:PN ratio aerobic sEPS layer (Figure 3B). Yao et al. (2010) observed the same trend when performing short-term dead-end filtration of solutions made by the model compounds alginate and bovine serum albumin, using PC and polyvinylidene fluoride membranes with a pore size of 0.2 µm (Yao et al., 2010).
The higher filtration resistance of the layer built with high PS:PN ratio sEPS can be explained firstly by the higher concentration of polysaccharides, as these not only form networks with a high physical crosslinking density between the polymer chains (Tual et al., 2000) but also retain large amounts of immobilized water in their network (Hong et al., 2014). The low PS:PN ratio sEPS layer contains fewer polysaccharides, having a lower degree of polymer chain crosslinking, and thus a lower filtration resistance. Another possible factor influencing the filtration resistance is the presence of a large fraction of proteins, such as in the low PS:PN ratio sEPS layer, which can disrupt the organization of the polysaccharide network, and thereby further opening the layer structure (Laneuville et al., 2006; Wang et al., 2009; Gentès et al., 2011). The anaerobic sEPS with a low PS:PN ratio appears to be more suitable for creating a gel layer with lower filtration resistance than aerobic sEPS, with a high PS:PN ratio. A third detail likely dictating the filtration resistance difference is related to the distinct polysaccharides’ composition between aerobic and anaerobic sEPS, and will be discussed in the next section.
3.3 Spatial Distribution of Polysaccharides and Proteins
The effect of polysaccharides and proteins on the filtration resistance and their distribution within the sEPS layers were further elucidated by fluorescent staining. As expected from the different PS:PN ratios, the density of each compound in the two layers was different, as shown by the CLSM and biovolume analyses (Figure 4; Supplementary Figure S2). β-polysaccharides (in blue) were the higher organic fraction in the layer formed with the aerobic, high PS:PN ratio sEPS (Figure 4A), while proteins (in green) were dominant in the layer formed with the anaerobic, low PS:PN ratio sEPS (Figure 4C). It should be noted that the thickness determined with CLSM (between 60 and 80 µm) was lower than the thickness determined with OCT (100 ± 42 μm). A possible explanation of such difference is the non-uniform deposition of the layer on the carrier (Figure 2B) and the utilization of a glass coverslip to analyze the samples via CLSM. The Z-axis resolution of OCT is in the order of 10–15 μm, while CLSM allows for a resolution of approximately 0.8 µm.
[image: Figure 4]FIGURE 4 | Confocal laser scanning microscopy (CLSM) analysis of the sEPS layers—3D volume reconstruction of CLSM stacks of the sEPS layers formed with high (aerobic) (A) and low (anaerobic) (C) PS:PN sEPS after fluorescent staining of biopolymers. In blue, the β-polysaccharides were stained with calcofluor white, in red the α-polysaccharides stained with Concanavalin A, and in green, the proteins stained with FITC. The biovolume analysis of each stained biopolymer within the gel layer formed with high and low PS:PN sEPS is presented in (B) and (D), respectively.
The PS:PN ratios calculated by biovolume analysis (Figures 4B,D) were similar to those determined by chemical analysis of the sEPS solution (Table 1), with a ratio of 1.9 for the high PS:PN sEPS layer and a ratio of 0.17 for the low PS:PN ratio sEPS layer. These results confirm that there was no preferential accumulation or adsorption of polysaccharides neither proteins on the carrier.
CLSM images highlighted that in the low PS:PN ratio sEPS layer, both β-polysaccharides (Figure 4C, in blue) and α-polysaccharides (Figure 4C, in red) were present, while in the high PS:PN sEPS layer, only β-polysaccharides were detected (Figure 4A, in blue). This variation in polymer composition between EPS from different microbial origins was reported by other researchers (Park and Helm, 2008; Simon et al., 2009). This is important because different polysaccharides have different degrees of crosslinking (Coviello et al., 2007; Meng et al., 2018), which influence filtration resistances in EPS layers. The layer formed with aerobic, high PS:PN ratio sEPS mainly contained β-polysaccharides, that have a higher degree of entanglement due to the more flexible chains (Lee and Mooney, 2012), compared to α-polysaccharides, with lower flexibility, predominately present in the anaerobic, low PS:PN ratio sEPS.
The polysaccharides and proteins’ location through the layer thickness was not affected by the type of polysaccharides (α or β) or by the PS:PN ratio. Both layers showed a polysaccharides rich zone, one as α-polysaccharide, the other as β-polysaccharides close to the carrier surface (Supplementary Figure S2), while the proteins accumulated on top of the polysaccharides (Figures 4A,B; Supplementary Figure S2). Hong and colleagues (Hong et al., 2018) showed that the polysaccharides fraction within an MBR fouling layer was located close to the membrane surface. The clogging of the membrane pores by the long hydrophilic polysaccharides’ chains started the formation of the layer, which later on was able to retain the small-sized, more hydrophobic macromolecules such as proteins (Hong et al., 2018).
Biovolume analyses showed that the high PS:PN ratio sEPS layer was mainly composed of β-polysaccharides (Figure 4B; Supplementary Figure S2, CW–blue signal), while the proteins were located at ≈ 60 µm from the surface of the carrier (Figure 4B, FITC–green signal). The α-polysaccharide portion in the biovolume of the low PS:PN ratio sEPS layer was ≈40 µm thinner than the β-polysaccharides portion in the other layer, while the proteins were uniformly distributed over the whole width of the layer (Figure 4D; Supplementary Figure S2). Similar observations were made for the spatial organization of polysaccharides and proteins on the surface of membranes materials such as mixed cellulose ester or cellulose triacetate (Chen et al., 2006; Yuan et al., 2015; Wang et al., 2016), suggesting that the nature of the carrier material can influence the polymers deposition during the filtration experiments. Further investigations with different carrier materials are needed to clarify this point.
3.4 sEPS Gel Layers as a Dynamic Membrane for Anaerobic Treatments: Opportunities and Challenges
Our results have shown that sEPS produced in biological treatment reactors can be used to form a gel layer on a 0.2 μm PC membrane used as carrier material. Additionally, it was also proven that such a gel layer would only have an appreciably low filtration resistance if the PS:PN ratio of the sEPS is low, as observed for anaerobic sEPS. Usually, AnMBRs using microfiltration membranes showed filtration resistances 100 times higher than in anaerobic DMBRs (Lin et al., 2011). Previous studies of anaerobic DMBRs treating wastewater, where the DM consisted of a cake layer plus an underlying gel layer (Ersahin et al., 2016), showed filtration resistance values in the same order of magnitude as we obtained in the present work with only the anaerobic sEPS gel layer present. On the other hand, DM layers are usually prepared by deposition of particles and colloids, and can release smaller particles. Thus, when the deposited organic material accumulates over the filtration capacity, the membrane pores would be blocked, causing membrane fouling issues (Huang et al., 2020) This suggests that using a DM system based solely on a sEPS gel layer could be an attractive option for anaerobic bioreactors to improve fine particle (and biomass) retention, without further increase in the filtration resistance due to particle accumulation, and cake layer maturation.
In this work, a purified sEPS solution was used for the formation of the gel layer. In reality, it will be impossible to obtain such a “clean” sEPS solution from the biological reactor to form only active gel layer. The sEPS within the effluent will always go along with a low concentration of suspended and colloidal particles that may interfere with the gel layer formation. Generally, to prevent the deposition of suspended particles (typically >5 µm) and the formation of the cake layer, in DMBRs a certain level of shear could be provided by sparging with the produced biogas (Cui et al., 2003; Ersahin et al., 2012). The use of shear implies the sEPS gel layer should have sufficient mechanical stability to avoid its detachment from the carrier structure. The impact of shear and the PS:PN ratio in the sEPS gel layer’s mechanical stability need to be further evaluated and characterized experimentally.
In light of this, as a technological perspective for future experiments, the filtration step with the a gel-layer DM could be realized in a separate unit outside the main anaerobic reactor, including a settling step in between, with the aim to remove colloids and big particles, as depicted in Supplementary Figure S3. The effluent of the CSTR would be then be seen as a substrate for the recovery of resources, in this case the sEPS biopolymers used as building blocks of a dynamic membrane. These sEPS would otherwise be part of the waste effluent to be further treated/disposed. In an industrial world turning around over circular economy, the use of waste streams is starting to be highly valorized as alternative/secondary sustainable revenue outcome model (Gherghel et al., 2019)
In this study, we do propose a suitable application for protein-rich natural polymers, originating from anaerobic microorganisms. The production of EPS by mixed cultures is a natural, cheap, and environmentally friend process (More et al., 2014). EPS produced by mixed cultures microorganisms have important properties for the final industrial application, such as the ability to bind/adsorb organics through complicated interactions (Yan et al., 2019), and in particular sEPS has shown a higher tendency to establish such interactions (Comte et al., 2006; Pan et al., 2010).
Even though additional research is needed, this study made clear that the PS:PN ratio of sEPS impacts the gel layer structure, which affects the hydraulic resistance of the layer. The protein-rich sEPS from anaerobic mixed cultures may have a future application as a cheap active filtering medium with low hydraulic resistances to prevent the washout of fine particles (0.2–10 µm) such as slowly degradable compounds and microorganisms. Anaerobic mixed cultures are a reproducible source of natural polymers, that can be tuned in PS:PN ratio and polymer composition and can be applied to obtain high performance filtration systems, for different anaerobic wastewater treatment applications. Moreover, the findings of the present work can be of help for a better understanding of the importance and function of gel layers in dictating the performances of DMBRs (Chu and Li, 2006; Huang et al., 2019).
As per the technological application of sEPS filtration layers, the perspective is to integrate it in an industrial line, which already utilizes anaerobic digestion to treat waste streams, as intermediate step between anaerobic digestion and effluent disposal. This topic is currently under investigation together with leading companies in the development of new biotechnologies.
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