Ultrasound-assisted EPS removal from the diatom Navicula sp.: A route to functional polysaccharides and more efficient algal biorefineries 
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Abstract 
Extracellular polymeric substances (EPS) from microalgae have promise as functional polysaccharides for various food and industrial applications. This study investigates the use of ultrasonication to remove EPS from the diatom Navicula, firstly as a potentially useful by-product of lipid and protein production, and secondly in terms of the effect of EPS removal on downstream processing, including slurry rheology, dewatering and lipid extraction. 20 kHz ultrasound was effective at removing EPS, however, cell rupture also resulted, particularly at high yields involving the removal of tightly bound EPS. Increasing the power intensity/density did not affect the cell rupture at a given EPS yield but halved the energy requirement. Importantly, EPS removal improved the rheology and dewaterability of the cell suspensions, by interrupting intercellular connections and reducing the overall hydrodynamic volume of the cells. For a 5 wt% cell slurry, EPS removal by sonication for 30 s reduced the shear dependent viscosity by about 10-fold, and increased the solid concentrations following centrifugation by >7-fold. Subsequent biphasic lipid extraction was also accelerated by the removal of EPS as a barrier between the cells and solvent. The decreased viscosity, increased concentration and improved extraction kinetics should enable greatly intensified downstream processing. 


Introduction
Microalgae are a diverse group of photosynthetic organisms that have great potential as a highly productive feedstock for biorefineries that can produce biofuels, food ingredients and nutraceuticals 1-3. Diatoms are a large sub-group of microalgae characterised by their unique siliceous cell walls, known as frustules. Importantly, a number of diatoms have shown promise for commercial application due to their ability to produce large amounts of lipids rich in polyunsaturated fatty acids. In addition, diatoms produce carbohydrate-rich substances known as extracellular polymeric substances (EPS). 
EPS is a general term for polymeric substances that are produced by a range of microorganisms, including bacteria and microalgae. While highly diverse, they are often carbohydrate-rich polymers that can be characterised as quite bulky and hydrophilic 4, 5. As such, microbial EPS has found application as thickeners, for example bacteria-derived xanthan gum 6. The similar functional properties of microalgae EPS, suggests they could also be used as active thickeners or texturizing agents 7. Microalgal EPS has also been found to bind with heavy metals, which could enable its application in water treatment 8. Beyond these, based on the composition and properties of microalgal EPS it has been suggested for use as moisturising agents, immune stimulants, aggregating agents and plant elicitors, or simply used as a feedstock for ethanol fermentation 7, 9, 10. Despite the broad potential, microalgal EPS is currently expensive to produce and is used only in high-value niche markets of food and nutraceutical, cosmetic and pharmaceutical applications 7.
The cost of producing microalgal EPS could be reduced if it could be efficiently recovered as a co-product with lipid production. Microalgal EPS can be released out from or bound to the cells, and different approaches have been taken to remove or extract bound EPS, including physical, chemical or a combination of physical and chemical methods. A challenge to consider is how to remove bound EPS without rupturing the cells. Cell rupture is disadvantageous since the EPS fraction will be contaminated with DNA, intercellular proteins, lipids and polysaccharides, while the loss of these components into EPS product stream would reduce the amount of lipid or protein available to be extracted in the subsequent processes. 11 explored different combinations of physical and chemical methods for EPS extraction from the diatom Navicula jeffreyi while minimising cell rupture. However, the extracted carbohydrate/polysaccharide content was too low to be used commercially. Conversely, physical methods such as cation exchange resins, heating 12 and ultrasonication 13 have shown the potential to give higher EPS extraction yields. 
The interaction between ultrasound waves and bubbles in a liquid may lead to acoustic cavitation under certain conditions 14. Strong shear forces are generated by acoustic cavitation when low frequency (20 kHz) ultrasound is used. The shear forces can facilitate removal of EPS, but also potentially cause cell rupture. Compared with other physical extraction methods, ultrasonic extraction is very rapid, however the energy consumption and scalability need to be considered. In this study, the first aim was to investigate the application of ultrasound to remove bound EPS while minimising cell rupture and energy consumption. The purpose is to isolate pure EPS fractions for use in food or nutraceuticals, leaving behind a biomass that is rich in lipids for the production of biodiesel or for food applications. 
Another possible benefit of upstream removal of EPS that has yet to be explored, is improving the flow properties of the concentrated diatom slurry in relation to downstream processing and lipid extraction. For diatoms, EPS is secreted out from the raphe (slits in the two valves, or plates, that comprise the frustule), becoming hydrated and swollen, which represents a hydrated polymeric layer surrounding the cells 15. The presence of such a polymer layer (e.g. EPS) surrounding the surface of particles (e.g. diatom cells) is expected to induce repulsive forces between particles due to the osmotic effect caused by high concentrations of overlapped polymer elements between the particles and a volume restriction effect on the polymer conformations 16. Further, this layer contributes to extending the effective hydrodynamic volume occupied by the cells, which would be expected to increase the viscosity of cell slurries. Consistent with this idea, 17 observed the viscosity of anaerobic bacterial sludges to be increased with an increase in EPS content. 
Based on these general observations, the presence of EPS surrounding diatom cells is likely to influence the packing and interactions between diatoms and therefore affect the rheology of these slurries. Thus, the removal of EPS improves the processability of the slurries, by facilitating concentration and dewatering. Such effects have previously been shown for bacteria, with a reduction in viscosity and improved dewaterability of sewage sludge resulting when EPS was dislocated from large aggregates of cells into the bulk aqueous solution 18. However, the effect of EPS removal from diatoms has still not been properly investigated in terms of the resultant suspension rheological properties nor the dewaterability of these suspensions. In a previous study, we showed that the bound EPS on the diatom Navicula sp. potentially hindered the lipid extraction from these cells in a biphasic system and that ultrasound was capable of removing the bound EPS 19. Therefore, apart from the potential effect on the rheological properties and hence the processability, the presence of EPS appears to affect lipid extraction efficiency as well. 
In this study, 20 kHz ultrasound at different power densities and intensities were examined in order to optimise the extraction of EPS from the diatom Navicula sp. while minimising cell rupture and energy use. In addition, the effects of EPS removal on the processability of the residual algal slurry, including its rheological properties, dewatering and lipid extraction efficiencies were investigated. The results are aimed at providing new fundamental understanding that will enable efficient recovery of both EPS and lipids as value-added products from diatomaceous algae. 
Materials and Methods
Algae growth and harvest
A previously studied strain of the diatom Navicula sp. was grown in a modified f medium with added silica 19. The cultures were grown in 15 L carboys and harvested after a 10-day growth period using a disk stack centrifuge (Separator OTC 2-02-137, GEA Westfalia, Italy) operated at 10,000 rpm. The solids concentration of the harvested biomass was determined by drying overnight at 60 °C in an oven (with residual salt accounted for at 3% w/w of the evaporated water). Where applicable, the dry weight of the dilute suspensions was also verified by filtering the samples through pre-weighed Whatman GF/C (47 mm; glass microfiber) filters using a vacuum filtration unit. The filters containing samples were washed using ammonium formate (0.5 M) and then dried at 60 °C overnight before taking the dry weight measurements.
Ultrasonication and EPS removal
For the first part of the study involving ultrasonic EPS removal, 20 mL of the cell suspensions with 1.0 ± 0.1% solids concentration were ultrasonicated at 20 kHz in 50 mL conical centrifuge tubes for 5 s, 15 s and 30 s. Ultrasonic treatments were performed with the sample tubes immersed in an ice water bath to prevents any heating effects. During ultrasonication, intense shear forces are generated immediately adjacent to the transducer face20. When considering the shear forces that cells are exposed to during ultrasonication, ultrasonic power intensity and density both play major roles. Different power intensity and density ranges were therefore chosen to test whether could have a differential effect on EPS removal efficiency and cell rupture. To investigate the influence of ultrasonic power intensity (power per unit transducer area), two Branson digital sonifiers fitted with two different ultrasonic transducers were used: 1) a transducer with a 12 mm diameter horn tip (No.102C) connected to a sonifier (Model No. 450, nominal power 400 W, Branson, Connecticut) and 2) a micro tip horn with a 3 mm diameter connected to a sonifier (Model No. 450, nominal power 400 W, Branson, Connecticut). The effect of ultrasound power density (the average energy dissipated per unit time and unit volume) was investigated at two practically relevant power levels (0.688 W/mL and 1.5 W/mL). To separate the effects of power intensity and power density, two treatments were performed at the same ‘high’ power density but different power intensities. The calorimetric power was determined by measuring the temperature increment increase of a 100 ml water bath after ultrasonicating for 1 min. Based on these parameters, three different treatments to observe the different effects of power intensity and densities are described as detailed in Table 1. 
Table 1. Ultrasound parameters used in three different EPS removal treatments.
	Horn tip diameter
	Nominal Power
	Calorimetric power
	Power intensity
	Power density

	(mm)
	(W)
	(W)
	Level
	(MW/m2)
	Level
	(W/ml)

	12
	40
	13.8
	Low
	0.12
	Low
	0.688

	12
	80
	30
	Medium
	0.27
	High
	1.5

	3
	120
	30
	High
	4.24
	High
	1.5



Following ultrasonication, cell suspensions were centrifuged for 10 mins at 4000 g using a benchtop centrifuge (Allegra X-30R, fixed-angle rotor F0685, Beckman Coulter, Victoria, Australia). To obtain a consistent solids concentration of 5% w/w, a pre-determined volume of the supernatant layer was pipetted out of each sample and discarded, assuming the supernatant removed was equivalent to 3% salt water. The separated supernatant was centrifuged twice to ensure it was free from cells. Centrifugation of the supernatant was performed at 6000 g for 10 min for the first round and at 10,864 g for 10 mins for the second round using a benchtop centrifuge (Allegra X-30R, fixed-angle rotor F0685, Beckman Coulter, Victoria, Australia). 
Polysaccharide measurement 
The polysaccharide content of the separated supernatant was quantified following the phenol sulphuric method developed by 21 using glucose as the standard. Briefly, the supernatants were diluted with 3% sea water, and mixed with 5% phenol solution and concentrated sulphuric acid at a ratio of 1:1:5. The tubes were left at room temperature for 10 minutes, after which they were shaken and placed in a water bath at 25 °C for 20 minutes. The absorbance was measured at a wavelength of 490 nm using a UV-Vis spectrophotometer (Cary 3E UV-Vis absorbance spectrophotometer, Agilent Technologies, Mulgrave, VIC, Australia). This measured polysaccharide concentration was converted to an extracted EPS content based on the dry weight of the suspensions. 
Quantification of cell rupture
The extent of cell rupture caused by ultrasonication was quantified using cell counting. The cell suspensions were diluted with 3% synthetic sea water (30 g/L of Red Sea Coral Pro Salt (Red Sea, USA) dissolved in deionized water) by x100 times and 10 µl of the diluted suspension was placed in a standard Neubauer haemocytometer, and imaged using Olympus BX51 microscope (Olympus, Australia). From these images, the number of whole cells was counted. The absorbance at 260 nm, which gives a rough estimation of the DNA content, was also measured as an indication of the extent of cell rupture 22. The maximum absorption corresponding to complete cell rupture was found by subjecting the cells to prolonged ultrasonication at 2 min, 5 min and 10 min intervals, with the absorbance after 5 min ultrasonication found to give the highest absorption. This was used as a reference and the percent cell rupture after ultrasonication was calculated using the equation (1). The samples were diluted using modified F medium with added silica23 where necessary to obtain an absorbance value below 0.6.
[bookmark: _Hlk91194674]	(1)
Shear dependent viscosity measurement
The shear rate-dependent viscosity of slurries of Navicula sp. at various solid concentrations was measured using a rheometer (MCR 702 Twin Drive from Anton-Paar) with shear rates from 0.5 s−1 to 300 s−1. Two different setups were used for the measurement of shear dependent viscosity of the algae slurries before and after EPS removal. The viscosity of the slurries prior to EPS removal were measured at different solid concentrations using a vane in cup geometry (ST10 & C-CC30, Anton-Paar). The viscosity of the slurries after EPS removal was measured using a cup and bob geometry (Cup diameter 28mm and bob, Anton-Paar), as the viscosity was too low to be measured using the vane in cup geometry. The concurrence of results from the two systems was compared by using an algae suspension of 5% solids concentration and measuring the shear dependent viscosity of the slurry using both geometries. We noticed subtle differences in the viscosity profiles, but the overall viscosity values were similar. The shear dependent viscosity of the dilute supernatants containing the EPS fractions was measured using a double gap measuring system (DG26.7 & DG26.7/T200/SS) with shear rates applied from 0.5 s−1 to 300 s−1. 
Dewatering of suspensions after EPS extraction
[bookmark: _Hlk91194302]The kinetics of centrifugal separation of the diatom cells from the supernatant was observed using a centrifuge with an integrated photo analyser (LUMiFuge®, L.U.M. GmbH, Berlin, Germany). 1.3±0.1 ml samples were loaded into the LUMiFuge tubes (10 mm optical path length, part no. 110-135XX, L.U.M. GmbH, Berlin, Germany) and were centrifuged at 2330 g for 20 mins in order to observe the dewatering of the diatom cells. The separation efficiency was calculated based on the length between the two interfaces (air-supernatant and supernatant-algae) as tracked by an integrated photo analyser 24. The final biomass concentration was calculated using equation (2)
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Shear-assisted lipid extraction
The kinetics of biphasic lipid extraction from concentrated suspensions of Navicula using hexane was studied as a function of EPS removal using a previously described method 19. Briefly, 10 ml of 5% w/w algae slurry (untreated or ultrasonicated) was combined with 10 ml of hexane in a 50 ml plastic tube and subjected to lipid extraction using one of two mixing methods: low-shear mixing or high-shear ultrasonication. Low shear mixing was achieved by rotating the tubes at 8 rpm using a rotator (Labquake, Barnstead International, Iowa, USA).  The extraction temperature was maintained at 24 ± 1 ºC by placing the mixer in an incubator (Unimax 1010 & Incubator 1000, Heidolph Instruments, Germany). High-shear mixing was performed by ultrasonicating the algae/hexane mixture using a high-intensity ultrasonic transducer with a 3 mm diameter microtip horn. The tip was placed at the initial hexane-biomass interface to uniformly distribute the ultrasound through the sample. To prevent temperature increases during ultrasonication, sample tubes were submerged in an ice-cold water bath during ultrasonication.
To determine the lipid extraction kinetics, representative 1.5 ml aliquots of the emulsion were periodically removed and centrifuged at 2330 g for 10 min in a benchtop centrifuge (5424 Eppendorf, Germany). The lipid rich hexane layer was pipetted and diluted appropriately using n-hexane and the absorbance was measured at 450 nm using a UV-Vis spectrophotometer (Cary 3E UV-Vis absorbance spectrophotometer, Agilent Technologies, Mulgrave, VIC, Australia). The lipid concentration was obtained using a calibration curve obtained for known lipid concentrations versus the absorbance at 450 nm following the same method as previously reported19. In brief, the calibration curve was obtained by redissolving a known mass of lipids in hexane that was extracted from Navicula sp. using hexane and dried under a nitrogen stream. The absorbance at 450 nm of known lipid concentrations were measured. To further validate, the absorbance values were rechecked with the gravimetric lipid content where possible. The gravimetric lipid concentration was obtained by pipetting out a known volume of lipid rich hexane layer following lipid extraction into a clean, weighed glass vial. This was dried at 60 °C under a stream of nitrogen25 to obtain the gravimetric lipid concentration.
[bookmark: _Hlk91193737]Experimental reproducibility and analysis
All experiments were performed at least in duplicates. Ultrasound assisted EPS removal was done as triplicated experiments, for each time point. Polysaccharide content measurement, Cell rupture quantification were done in duplicates for each triplicated experiment. Shear dependent viscosity measurements were done in duplicates for each experiment. 
Dewaterability measurements were carried out as duplicated analysis for triplicated experiments. For clarity, only representative separation kinetics were selected and presented. The final biomass concentrations were obtained as previously explained using the data from the replicates for dewaterability measurements. Lipid extractions were done on triplicated experiments. For the quantitative data, mean and the standard deviation were calculated based on the replicates. 
A single factor ANOVA analysis was done for the lipid yield data using Excel to see if the treatments have caused significant differences. A confidence interval of 99% (α=0.01) was used for the comparison of means. Following the ANOVA test, T-tests with a 95% confidence interval was done to confirm the effects at each time interval for all the treatments. 
Results and Discussion
Removal of EPS and cell rupture as a function of ultrasonication parameters
It was previously shown that the presence of EPS surrounding Navicula sp. cells hindered biphasic lipid extraction and that ultrasonication could remove EPS from the cell surfaces 19. As noted above, when using ultrasound to recover EPS as a product it is important to decrease the extent of cell rupture while increasing the extraction yield of EPS. In addition, to reduce energy consumption, the ultrasonication time and power should be minimised. The first aim of this study was to investigate how ultrasonic EPS removal could be optimised by determining the relative extent of EPS removal and cell rupture and the energy consumption in relation to three important ultrasonic processing variables: time, power density (W/ml), and power intensity (W/m2). 
Figure S1 shows the quantity of EPS polysaccharides extracted over time at different power densities and intensities and the corresponding percentage of cell rupture. The results show that with increasing ultrasonication time, both the amount of EPS extracted and the percentage of cell rupture increased for all combinations of ultrasound power intensity and density. Further, when the power density was increased at the same power intensity (Figure S1 A), or conversely when the power intensity was increased at the same power density (Figure S1 B), both cell rupture and extracted EPS increased. To help understand the influence of ultrasound parameters, the data was presented in terms of the selectivity of EPS removal relative to cell rupture (Figure 1A) and energy consumption (Figure 1B). 


[image: ]
Figure 1: EPS recovery yield (as estimated by the supernatant polysaccharide content) in relation to cell rupture (A) and energy use (B) as a function ultrasound power intensity (low = blue circles = 0.12 MW/m2; medium = orange triangles = 0.27 MW/m2; high = grey squares = 4.24 MW/m2) and power density (low = 0.688 W/mL; high = 1.5 W/mL). The data points and the error bars represent the average and the standard deviation of process triplicates respectively. 
The relationship between EPS yield and cell rupture did not appear to vary with the ultrasound intensity or the power density used (Figure 1A). Rather, the EPS yield was approximately proportional to the % of cell rupture up to approximately 10%, beyond which the relative increase in EPS yield diminished with respect to increasing % cell rupture (see dotted line in Figure 1A). This is similar to a previous observation that ‘loosely bound’ EPS could be extracted from activated sludge with minimal cell disruption using ultrasonication 13. The increase in the relative cell rupture at higher extents of EPS removal (Figure 1A) can be attributed to more tightly bound EPS that is more difficult to extract without also causing cell rupture. The results indicate that, for Navicula, the trade-off between EPS yield and the cell rupture cannot be readily resolved by manipulation of the ultrasound parameters, suggesting that the level of shear needed to dislodge tightly bound EPS is commensurate with that needed to break the cells.
Importantly, the results show that the energy efficiency of EPS recovery could be improved by increasing ultrasound power density and intensity (Figure 1B). Using a higher power density for a shorter time almost doubled the amount of EPS extracted from 18 to 34 mg-EPS/g-algae using a similar amount of energy (21-22 J/mL), thus improving the energy efficiency of the process. Similarly, increased power density has previously been found to be more energy efficient in producing emulsions with a given average droplet diameter 26. Moreover, using a higher power intensity (at the high power density) also increased the EPS extraction yield by 48-74% for a given energy input (Figure 1B). In these experiments, ultrasonication power density was varied by changing the input power, while the power intensity was changed by using ultrasonic horns with different tip diameters. For a given power output, a smaller tip means the acoustic intensity is more intensely focussed, and the energy dissipation zone is limited to that around and under the tip of the transducer 14. This concentrated dissipation of energy results in more intense shear forces and better mixing, thus dislodging EPS and rupturing the cells more efficiently in terms of energy input. Across all tested combinations of power intensity and density, the EPS yield per unit energy (slope of Figure 1B) decreased at higher EPS yields. This can be attributed to increased ultrasound attenuating due to an increase in the viscosity of the continuous aqueous phase resulting from the release of EPS as well as intracellular protein and DNA from cell rupture 27.
Effect of US assisted EPS removal on slurry rheology
Having confirmed ultrasonication releases bound EPS, the effect of the removal of EPS on the processability of the microalgae suspension was investigated. For this, the rheology of the suspensions was characterised with respect to the biomass concentration and the EPS content, which was removed to different extents by controlled ultrasonic pre-treatment. Based on the higher energy efficiency of EPS extraction, a power intensity of 4.3 MW/m2 and a power density of 1.5 W/ml were selected in this part of the study. 
First, the shear dependent viscosity of untreated Navicula sp. suspensions at different solid concentrations was measured to provide a baseline of the rheology of EPS-containing Navicula sp. (Figure 2A). At high solid concentrations, suspensions of microalgae such as Nannochloropsis have been found to behave as shear thinning liquids, for which the viscosity reduces as the shear rate increases 27, 28. Similarly, at solid concentrations above 3% Navicula sp. slurries were seen to be shear thinning (Figure 2A). Notably, the shear dependent viscosity of this diatom was comparatively higher than slurries of other algae reported in previous works, including Nannochloropsis sp. 27, O. aurita, A. platensis, Schizochytrium sp., P. tricornutum 29. For example, when comparing with the previous literature, at a shear rate of 100 s-1, the viscosity of the 8% Navicula slurry is 10 times, 40 times and 250 times higher than 8% solids slurries of O.aurita, A. platensis and Nannochloropsis sp., that had reported viscosities of around 80 mPa.s, 20 mPa.s and 3 mPa.s respectively. The rheological properties of algae slurries are influenced by the solids concentration, the content of polymeric substances dissolved in the medium, the temperature, the surface properties and interactions of the algae cells, and the pH and ionic strength of the liquid phase 30. The much higher viscosity of slurries of Navicula sp. compared to the other microalgae species mentioned above, is likely due to the EPS produced by Navicula. This could include a contribution to the bulk viscosity by soluble EPS, and strong surface interactions between cells due to the presence of bound EPS. 
To investigate if the removal of EPS from these diatoms could reduce the slurry viscosity, algae suspensions were ultrasonicated and the dislodged EPS were removed by centrifugation before measuring the shear dependent viscosity of the resulting slurries. As expected, the removal of EPS using ultrasonication reduced the viscosity by orders of magnitude, with the slurry viscosity decreasing with an increase in ultrasonication time (Figure 2B). As shown in Figure S1, longer ultrasonication increases the removal of bound EPS. These results provide strong evidence that the EPS is the main cause for the high viscosity of slurries of the diatom Navicula sp., and indicate that considerable improvements in the processability of the biomass can result from even a very short amount of ultrasonication.
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[bookmark: _Hlk92712919]Figure 2: (A) Shear dependent viscosity of Navicula sp. slurries at increasing shear rates from 1 to 300 s -1 and different solid concentrations. (B) Shear dependent viscosity of Navicula sp. slurries following removal of EPS by ultrasonication for different time periods (power intensity = 4.24 MW/m2; power density = 1.5 W/mL) and removal of the EPS-rich supernatant to obtain a solids concentration of approximately 5%. (C) The viscosity at a shear rate of 145 s-1 as a function of the biomass concentration of untreated Navicula slurries (■) and following ultrasonic and centrifugal EPS removal (●). The slight decrease in biomass concentration following ultrasonication is due to mass loss associated the EPS are removal. In (A) and (B), duplicated measurements are shown for each data set, in coloured and empty symbols. The 5% solids (untreated) data in (A) and (B) were obtained from measurements of different batches of algae paste and using a different rheometer geometry, but were nonetheless very similar. In (C), the data points and error bars represent the average and standard deviation of duplicate measurements, respectively.
Figure 2C presents the viscosity data from Figure 2A and B at 145 s-1, as a function of biomass concentration. This shear rate is representative of the slurry being exposed to shear forces during biomass processing, such as pumping and ultrasonication. The viscosity increases exponentially with solid concentration, which is consistent with rheological theory of particulate suspensions 31.  
Recently, 32 observed that the relative viscosity near the cell surface of the diatom Chaetoceros affinis (of which the frustules are made of silica) was much higher than that near the surface of glass shards, indicating the effect of EPS on the surface of diatom frustules on the surrounding hydrodynamics. The coverage of diatom cells by large amounts of EPS increases the hydrodynamic volume and resistance to particle motion, thereby directly increasing the slurry viscosity. Further, this EPS can entangle and act as a ‘glue’ that fixes the diatom cells together in a network structure that will increase the viscoelasticity of the system. The removal of bound EPS using ultrasound reduces both the hydrodynamic volume of the cells and interparticle network, to greatly lower the suspension viscosity. 
Effect of EPS removal on the dewaterability of microalgae
As observed and discussed earlier, the removal of EPS leads to better flow properties (lower viscosity) of the microalgal suspension. Apart from the effect on the viscosity, the presence of these polymers is also expected to affect the ability to remove water from the suspensions. This in turn affects the separation efficiency when concentrating the cells using compressional processes such as filtration and centrifugation 17. Disintegrating or detaching the EPS from the particle surface is expected to reduce the water holding capacity of the suspension and improve dewaterability 33. To confirm this, the dewaterability of the Navicula suspension at a starting biomass concentration of 1% w/w was studied using a LUMiFuge centrifugal separator. The device allows the user to track both the rate and the extent of a separation event. The separation rate and extent (highlighted as a separation efficiency herein) was tracked by observing the interface between the aqueous phase and the microalgae suspension. The kinetic profile (Figure 3A) was typical to dewatering of a compressible material, in which the dewatering rate decreases as a function of increasing cake solids fraction.
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Figure 3: (A) The effect of ultrasonic removal of EPS on the rate of separation efficiency (defined as the percentage of water removed from the biomass). (B) The final biomass concentration obtained after centrifugation for 20 min at 2330 g as a function of the amount of EPS removed/dislodged using ultrasonication for 5 s, 15 s, or 30 s (power intensity = 4.3 MW/m2; power density = 1.5 W/ml). (C) Shear dependent viscosity of the EPS fractions separated by centrifugation after ultrasonication.
Upon centrifugation, the Navicula suspensions reached higher final separation efficiencies (representing dewatering to higher concentrations) with increasing ultrasonication time (Figure 3A), although the rate of separation was slightly slower with increasing ultrasonication time. EPS is involved in the agglomeration of microalgae cells and affects solid-liquid separation 34, 35. EPS can aggregate diatom cells into large flocs, which leads to larger particle sizes and higher initial settling velocities 9. This can explain the faster settling rates observed for the cells not subjected to ultrasonic EPS removal. In addition, the slower settling rates observed after EPS removal using ultrasound could be partially due to an increase in viscosity of the continuous aqueous phase (due to the released EPS), thereby hindering the settling of the cells. Consistent with this, the shear dependent viscosity of the EPS-containing supernatants following ultrasonication was indeed higher when the ultrasonication time was increased (Figure 3C). The viscosity was increased 3-4 fold, which would reduce the initial settling rate proportionally, thereby potentially accounting for the observed differences. It is important to note however, that the decrease in settling rate of ultrasonicated cells is unlikely to have much practical consequence. The cells will have already been undergone gravity settling prior to ultrasonic EPS removal, and the effect of a slightly slower initial settling rate during subsequent centrifugation will have little impact on efficiency. 
In contrast, an improvement in the final extent of dewatering would be of significant practical benefit for processing. After centrifuging for 20 min at 2330 g, a separation efficiency of only around 80% could be achieved in the case of untreated suspensions whereas a separation efficiency of around 98% could be obtained after dislodging the EPS using ultrasound for 30s (Figure 3A). The improvement in separation efficiency resulting from EPS removal translates to a dramatic increase in the final biomass concentration achieved following centrifugation (Figure 3B). Ultrasonicating for 5 s, 15 s and 30 s progressively removed EPS allowing the solids concentration to increase from only 6% up to 11%, 15% and almost 35%, respectively.
This increase in the separation efficiency and therefore the final biomass concentration (up to a 7-fold increase) represents a significant reduction in the processing volume. This in turn would lead to an intensified and more energy efficient process when considering microalgal biorefineries using wet microalgal biomass 36. 
Effect of EPS removal on lipid extraction 
Previously we observed that biphasic lipid extraction from Navicula sp. was possible even without prior cell rupture, and the application of ultrasonic shear during extraction increased the rate of lipid extraction 19. This improvement could be attributed to a number of factors, including increased mass transfer, increased cell rupture, and removal of EPS as a barrier between the cells and the hexane droplets. Thus, in this work we investigated whether the removal of EPS, which was previously shown to hinder the contact between the cells and hexane droplets 19 could itself improve the lipid yield and the lipid extraction kinetics. To test this, the EPS fraction was removed by ultrasonication prior to extraction, with the cells then concentrated to remove the released EPS, and subsequently subjected to lipid extraction. 
In the previous study, it was seen that using ultrasonication/high shear mixing during hexane extraction significantly improved the kinetics compared with low shear mixing 19. To facilitate comparisons, the effects of EPS removal on the lipid extraction was tested again using both high shear (ultrasonic-assisted extraction) and low shear mixing regimes. Figure 4 presents the neutral lipid extraction kinetics (in terms % lipid yield) obtained for low and high shear mixing. 
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Figure 4: Biphasic lipid extraction kinetics from suspensions of the diatom Navicula sp. with EPS removed by ultrasound pretreatment and concentrated to 5% solids. Lipid yields represent the % of total neutral lipids in the algae that were recovered. (A) Extraction kinetics under high shear mixing using ultrasonication. (B) Extraction kinetics under low shear mixing. Both sets of data were obtained at room temperature. The data points and the error bars represent the average and the standard deviation of triplicated experiments.
[bookmark: _Hlk91193746]Similar to our previous study 19, extraction under low shear took hours whereas ultrasonic-assisted extraction took minutes (Figure 4). The removal of EPS improved the lipid extraction kinetics and yield under both low-shear and high-shear mixing, with the increased rate being more pronounced for the low shear extractions. The lipid yield was found to be significantly improved (95% confidence interval) by prior EPS removal using 15s and 30s of ultrasonication. The improvements can firstly be attributed to the reduction in viscosity (as identified above) that facilitates more efficient emulsification of the hexane, creating more interfacial area for contact between the cells and hexane droplets. High viscosities rapidly attenuate ultrasound waves and thus the ability for ultrasound to properly emulsify the system 27. In addition, the detachment of EPS removes a barrier to direct contact between the permeable diatom cell frustules and the hexane. 19. 
[bookmark: _GoBack]When low shear mixing is considered, the overall lipid yield following EPS removal was still low compared to that of high shear mixing. However, EPS removal using 30s of ultrasonication improved the final lipid yield following 24h of mixing by about 14%. In addition, lipid extraction kinetics are greatly improved, minimising the time required to reach a specific lipid yield. For instance, reaching a lipid yield of 30% takes 18h for the algae suspension in the presence of EPS, but this is reduced to 12h, 3.5h and 2h after removing the EPS by ultrasonicating for 5s, 15s and 30s intervals, respectively. 
Although the improvement during high shear mixing may appear to be slight, significant reductions in the overall energy required are possible. For example, the time taken to reach a 60% lipid yield during this process was found to be approximately 166 s, 142 s, 132 s and 86 s for the suspensions with no EPS removal, 5s, 15s and 30s of ultrasonication assisted EPS removal, respectively. The overall ultrasonication time required (including ultrasonic pretreatment and extraction) is almost halved when the system is subjected to a pre-EPS removal step by subjecting them to 30 s of ultrasonication compared with that with no pre-EPS removal. Beyond the energy savings for ultrasonication, the decrease in extraction time reduces the vessel size and operational costs of extraction. 
General discussion
A schematic overview of the mechanistic insights from this study is shown in Figure 5. The bound EPS are released from the cells using ultrasonication, which leads to a reduction in the viscosity as a result of a reduced role of polysaccharides that otherwise act as a glue and a thickener to bind the cells together and hinder the particle motion 34. In combination, the decrease in the viscosity, improved settling and dewatering, and the increased rate of lipid extraction represent a considerable reduction in the energy, capital, and operational costs associated with this process. While the incorporation of the pre-EPS removal step represents an additional cost, it allows the possibility of recovering EPS as a valuable co-product for use in food and nutraceutical applications. The released EPS are recovered as a separate fraction, which has the potential to be used as a high value additive in food and nutraceutical applications, due to avoidance of contamination with organic solvents during lipid extraction. Overall, this method appears to have a lot of practical potential, with a detailed cost and energy analysis implied as an obvious next step. Further understanding of the process could be gained by in-depth characterization of the cells before and after EPS removal, including measurement of the hydrodynamic volume/radius, surface and interfacial tension of the frustules, and the chemical composition of the EPS. In addition, the nutritional and functional properties of the recovered EPS should be investigated in the context of use in food and nutraceutical applications. 
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Figure 5: Summary of the improvements to a biorefinery enabled by ultrasonic pre-treatment to remove EPS. This process results in a concentrated EPS stream and improves the processability of the microalgae suspension by decreasing the overall suspension viscosity, by enabling higher solids concentration slurries to intensify processing, and by accelerating lipid extraction. 
Conclusion
In this work, ultrasonic EPS removal and its effect on the processability of algal suspensions of the diatom Navicula sp. were investigated. While manipulation of ultrasonic parameters did not appear to influence the extent of cell rupture for a given EPS yield, it was found that more intense ultrasound could improve energy efficiency and produce higher EPS yields. Ultrasound assisted EPS removal was shown to decrease the viscosity of the cell suspensions by orders of magnitude and to improve the extent of dewaterability to allow up a 7-fold increase in the concentration of slurries that can be processed. Lipid extraction kinetics using both high and low shear mixing was also improved after EPS removal. Ultrasound was therefore shown to be promising as a method for EPS removal, which in turn can greatly enhance the processability of algae suspensions.
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Synopsis
Ultrasound assisted EPS removal provides a functional polysaccharide stream while improving the processability of algal slurries for more efficient biorefineries. 
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