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 Supplementary material

Mild cell wall disruption techniques for integrated fractionation

Microalgae have a thick cell wall which is firmer than other microorganisms or often higher plants. This rigid nature of the microalgae cell wall restrains the biodegradability of the microalgal cells [1]. Microalgal cell wall has a tensile strength as high as 9.5 MPa which is three times greater compared to Daucuscarota [2]. The constituents of this three-layered structure of the microalgal cell are usually polysaccharides such as cellulose, pectin, mannose, xylan; proteins in the form of glycoproteins and minerals, for instance, calcium or silicates in different proportions 
 ADDIN EN.CITE 
[1,3,4]
. Microalgal cell wall contains a fairly large fraction of cellulose which provide structural stability and rigidity to cells of most of the species [5]. Furthermore, the presence of a combination of hydrogen bonds, covalent bonds and van der Waals force interaction contribute to the strength of microalgae cell wall [2].

To fully apprehend the chemistry and the construction of the cell wall of a microalgal species, selective exclusion of the protecting layer is required 
 ADDIN EN.CITE 
[6-8]
. Once nature and the composition is fully understood, selective disruption (i.e., disruption of a portion) of the cell wall can facilitate the release of a specific substance from the cell. Mild conditions for cell wall disruption are obligatory for preserving the inherent nature of distinct intracellular molecules 
 ADDIN EN.CITE 
[6,9,10]
. Cell disruption in an extreme environment such as in a very high temperature or a very high/low pH can negatively affect the techno-functional properties of proteins [10]. Consequently, the preservation of protein’s prized properties is essential during the cell disruption in multiproduct bio-refinery systems [11]. Extreme high pressure or shear can also alter the structure of the cellular components, leading towards loss of functionalities [12]. A suitable cell disruption method needs to be selected for a particular operation based on the nature of the cell wall of the microalgae species, executional cost of the method, targeted products and desired properties of the end products [1]. Cell disruption methods can be categorised as mechanical (e.g., homogenization, bead beating), physical (e.g., ultrasonication, pulsed electric field, drying), or biochemical (e.g., enzymatic treatment, acidic/alkaline treatment) based on the kind of the external force applied [13].

Cell disruption by mechanical methods for instance bead milling, do not require the use of harsh conditions like high temperature, high/low pH [11]. Consequently, those are considered as suitable mild methods for extraction of sensitive biomolecules (e.g., proteins) [10]. Despite its mildness, mechanical methods are highly energy-intensive [14]. Hence, these methods are not suitable for industrial applications. However, optimization of operating conditions has been shown to be able to reduce the energy consumption of bead milling to 0.5 kWh/kg DW [15] from 2.8–10 kWh/kg DW [16]. Nevertheless, the major drawback of bead milling still remains in the fact that it completely disintegrates the cells into ultra-small fragments 
 ADDIN EN.CITE 
[15,17,18]
. The heterogeneous mixture of ultra-small fragments comprising various substances (i.e., protein, sugar, pigments, and lipid), simply forms a stable emulsion/dispersion at the post-operation period. The phase separation and isolation of a specific substance becomes difficult from this mixture [11].

Ultra-sonication, a physical method, is preferred for the disruption of the microalgal cells mildly [19]. This technique has been used in a number of studies for the extraction of various components such as proteins [4], pigments [20], lipids [21] from microalgae. However, unaided sonication is insufficient for complete release of intracellular materials, due to the high resistance offered by double protective layers (i.e., cell wall and membrane) of microalgal cells [13,22]. Additional treatments, for instance, mixing with high shear, enzymatic treatment or chemical treatment was shown to release additional soluble protein from Nannochloropsis sp., Chlamydomonas reinhardtii, and S. platensis 
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[22-24]
. Energy consumption of this method is lower than the mechanical process like bead beating, homogenization, and it can be further reduced by applying high-frequency ultrasounds [6]. The coupling of chemical treatment along with ultra-sonication is often done to conserve energy 
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[25-27]
.  

Another physical disruption method namely pulsed electric field may prove to be an alternative mild process, as it utilizes low shear, low-temperature conditions during its operation. This method is selective towards the release of water-soluble intracellular components such as proteins [28]. This method selectively released complete proteins from the mutant strain of C. reinhardtii having no cell wall [29]. Besides, this method was demonstrated not to fragment the complete cell, instead, it created an opening for the hydrophilic protein release while the pigments still remained inside the cell [29]. Nevertheless, this method is considered to be inefficient in breaking the thick cell wall, hence restricting the release of other intracellular molecules 
 ADDIN EN.CITE 
[29-31]
. It is evident by the fact that only 25–39% total carbohydrates and 3–5% of total proteins could be released from the cells of Chlorella vulgaris by pulsed electric field treatment [30]. Accordingly, a two-step strategy was proposed where the cell wall was primarily removed by enzymatic treatment followed by selective disruption of cell membrane using PEF treatment to release proteins [29]. A two-fold increase in protein yield was reported for the pulsed electric field treatment of the protease pre-treated cells of C. reinhardtii as compared to pulsed electric field treatment alone [29]
Enzymatic treatment disrupts the cell wall by hydrolysing the polysaccharides and it’s the mildest among other chemical/biochemical methods (e.g., acid treatment, hot water treatment, steam explosion). Depending on the cell wall characteristics, enzymatic hydrolysis has successfully been utilized for cell wall disruption of various microalgal species (e.g., Scenedesmus sp., Chlorella vulgaris) using cellulose [32] or a combination of cellulase with other enzymes, for instance, lysozyme [33]. Yet large scale implementation of this technique might be hindered by its high processing time and intensive cost. However, the technique can potentially be utilized in combination with other methods [3,34]. Immobilization of the enzyme/s to suitable support may also be advantageous 
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[6,35,36]
. Immobilized cellulose enzyme on electrospun polyacrylonitrile nanofibrous membrane was able to hydrolyze ~62% of polysaccharides from the cell wall of Chlorella sp. [32]. Interestingly, the enzyme remained useful even after five passes. The reusability and ease of separation of the immobilized enzyme are the benefits of this technique. 

Techniques for integrated fractionation

Three phase partitioning (TPP)

TPP separation technique engages water-miscible aliphatic alcohol (mostly t-butanol), and an aqueous antichaotropic salt (ammonium sulphate most commonly) to form three distinct phases in which biomolecules of different nature from the crude mixture are separated. Although, different alcohols (e.g., ethanol, methanol, 1-propanol, t-butanol, and 2-propanol) are readily miscible with water but its miscibility go away when an antichaotropic salt such as ammonium sulphate ((NH4)2SO4 is present in the aqueous solution. Alcohols float above the salt solution forming two distinct phases [37].

 Tan and Lovrein proposed this strategy first time in 1972 as an alternative to the conventional extraction and separation techniques which employ harmful volatile organic solvents and requires large time and energy [38]. The process of TPP starts with the mixing of an inorganic salt with the protein mixture followed by the addition of a precise quantity of alcohol. Proteins are shoved out of the aqueous solution by the addition of alcohol in the presence of inorganic salt (e.g., ammonium sulphate). T-butanol helps the proteins to float above the dense salt solution, by forming bonds with the hydrophobic portions of the mix thus reducing the density of the proteins. Proteins can be found in the interphase, while hydrophilic molecules such as lipids, pigments are partitioned to the alcohol-containing upper phase and the hydrophilic molecules such as carbohydrates remain in the aqueous phase 
 ADDIN EN.CITE 
[39-42]
. Precipitation of proteins at the interphase are the combinatorial effect of different functioning events such as “salting out”, kosmotropy, isoionic precipitation, co-solvent precipitation, conformation tightening, osmolytic electrostatic forces and protein’s hydration shift 
 ADDIN EN.CITE 
[39,41]
. Dehydration properties of ammonium sulphate and the t-butanol’s ability to enhance the buoyancy of proteins, also contribute to the factors that enable the concentration of proteins at the interphase 
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[41,43]
. Moreover, it has been reported that in the TPP process the nature of the precipitates formed is actually co-precipitates of protein and t-butanol whose buoyancies can also be enhanced via addition of excess t-butanol [39].

TPP process is auspicious for the industrial applications due to having the simplicity in operation and the advantage of rapid recovery. Alcohols other than t-butanol are inefficient for the application in TPP under room temperature. It has been reported that isopropanol and ethanol give two-fold lesser yields than t-butanol for recovery of fat from kokum [44]. An extensive range of biomolecules has been efficiently fractionated and refined via TPP technique. Among those metabolites, proteins 
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[39,40,45]
, enzymes 
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[39,46-48]
, enzyme inhibitors 
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[49-52]
, carbohydrates 
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[53-55]
, edible lipids [44,56] are worthy of mention. TPP doesn’t just concentrate substances of interest, it also purifies it almost to an extent of chromatographic purification [50]. Comparing the cost of this process with conventional “salting out”, it can be said that purification achieved by this process is much higher than its cost. TPP doesn’t require additional heating or cooling as it can be executed in room temperature within not more than 60 min of time. Phase forming components of this process are recyclable and unlike polymers, separation of these components is quite simple too [41]. T-butanol possesses good solubility towards lipids. It is environmentally safer as a lipid extracting solvent for its lower volatility than hexane or chloroform 
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[57-59]
. In addition to that, the melting point oft-butanol is 298 K [60], which facilitates its recovery from the final extract and its reuse in subsequent operations. Bringing down the temperature of the mixture below 298 K makes the t-butanol separate out from the mixture as solid crystals [61].

 Considering the partitioning capability of the TPP method it can be employed in the fractionation of algal biomass in both single and multiproduct biorefinery systems. Table S1 depicts the application of TPP in various strategies of microalgal biomass fractionation. TPP in combination with enzyme and hot water pre-treatment has been successfully used for the fractionation of polysaccharides and proteins from the microalgal extract of chlorella sp. [62]. Besides, TPP assisted with high-pressure homogenisation has been demonstrated successfully to separate microalgal lipids from microalgal proteins [61].  Undisrupted wet cell (moisture of 98.75%, w/w) of Chlorella sp. has been used to extract the intracellular lipids using a modified version of TPP (see Table S1). Li et al. [63] used ethanol and dipotassium hydrogen phosphate (DKP) instead of t-butanol and ammonium phosphate. The extraction efficiency of lipid transformable to methyl esters, from the undisrupted microalgae cells were reported as 30 % under room temperature. This yield was reported to be twice the yield of conventional chloroform/methanol extraction. The poor protein precipitation capability of DKP than that of the ammonium sulphate may result in the lower protein concentration in comparison to the original TPP method. However, the composition of both the middle and the lower aqueous phases are not mentioned in their result. The advantage of this modified method is the non-requirement of any cell disruption or dewatering step to extract lipid from the microalgae cell. It was also reported that 78 % w/w protein was concentrated in the middle phase from powdered cell disrupted biomass (using ultrasonication) of Chlorella pyrenoidosa using TPP method [64]. Interestingly, enzymatic treatment lowered the carbohydrate content of the protein containing the middle phase in this experiment. This phenomenon may be attributable to the fact that the enzymatic treatment hydrolysed the polysaccharides which eventually was transported to the lower aqueous phase [65]. Apart from fractionation capabilities of TPP technique, it was also shown to be helpful in simultaneous pre-treatment and concentration of microalgal whole cell [66]. So this technique may also prove to be useful in integrated cell harvesting and pre-treatment of microalgae in biorefinery system.  

Aqueous two phase separation

Aqueous two-phase systems (ATPS) is used mostly for the fractionation and concentration of hydrophilic molecules such as proteins [67]. Since its inception in the 1950’s by Albertsson [67], ATPS has emerged as an auspicious bio-separation tool in the field of industrial biotechnology [68]. Notable progression towards sustainable downstream processing has been denoted by this simple yet useful liquid-liquid extraction technique owing to a number of gains for instance rapidity, efficiency, minimalism, biocompatibility, economy and flexibility [69]. Quite a few biomolecules, for example, proteins, phytochemicals, enzymes, pigments, and nucleic acids have been isolated by taking advantage of this technique [70,71]. A couple of immiscible phases are formed in ATPS once two solids, miscible in water, are mixed at a concentration which is beyond their critical limits [72]. An ATPS mixture typically consists of either a couple of polymers of different kinds or a mixture of polymer, alcohol and kosmotropic salt [69] or two salts [9]. Polymers, for instance, polyethylene glycol (PEG), ethylene oxide propylene oxide co-polymer (EOPO), dextran, polyacrylates and salts like citrate, phosphate and sulphate are the most frequently used components in ATPS systems [69].

Separation of intracellular compounds from either cellular biomass [72] or a mixture of soluble substances [73,74] has been widely reported for ATPS systems. ATPS technique displays more versatility than conventional solvent extraction methods by being useful in extraction, fractionation as well as in concentration [70]. A less number of intermediate steps are required in ATPS which as a result makes this process more energy-efficient and cost-effective for the fractionation of multiple products [70]. ATPS based bioseparation displays quite a few benefits [68] which include modest operation, prompt separation, great specificity, low cost and low energy intake 
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[70,75-79]
. It can provide a compatible environment for the bioseparation of substances, owing to the engagement of only polar solvents in its operation  [80,81]. The mass transfer efficacy is enhanced by the available high interfacial area of contact between both the dispersed phases owing to the exceedingly low interfacial tension (between 0.0001 and 0.1 dyne/cm) of this system [81]. The partition profile of the substance is determined by various physicochemical interactions such as Van der Waals force, electrostatic interaction, hydrogen bond, hydrophobicity, steric effects, specific affinity, and conformational effects between the substance and the phase forming materials 
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[69,81]
. The partitioning activity of a substance is also influenced by the following factors: size and molecular weight of the polymer, nature of ions, nature and proportion of phase materials, presence of neutral salts, pH, and temperature of system. Optimizing these parameters can help to achieve effective separation 
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[70,72,76]
.

Ionic liquids (ILs) in ATPS systems

A traditional aqueous bi-phase system was developed further when ionic liquids become a choice of preference over conventional phase forming materials. These ionic solutions are composed of nothing but ions and can be used as an extractant, as it remains in liquid state under 373 K. Besides being green in nature, ILs demonstrate several benefits for instance higher selectivity, higher boiling point, minimum requirement, and non-volatility. However, the reason behind the preference of ILs in ATPS systems is that it provides flexibility in designing the systems for enhanced selectivity [82]. They offer the possibility to tailor the extraction process by selecting the appropriate cation and anion with the aim of separation of a particular target biomolecule [83]. Likewise, ILs augments the efficiency of extraction in terms of yield and selective solubility by extending the polarity range further than polymer-based conventional biphasic systems [84]. 

Du et al. [85] extracted proteins from biological fluids by using ATPS system consisting of 1-butyl-3-methylimidazolium chloride (BmimCl) and K2HPO4, for the first time. All the inherent properties of extracted proteins were seen to be conserved after the extraction. Successively, most of the experiments aiming the extraction of proteins by ATPS included imidazolium-based ILs [86,87]. Recent studies have inclined towards using environmentally suitable and biodegradable ILs along with exploring their buffering capacities to provide a mild solvent phase to proteins [88]. Different phosphonium and ammonium-based ILs have been explored successfully for extraction of proteins 
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[88-91]
. Catalytically active enzymes were extracted in their original form using ATPS, consisting of ammonium-based ILs and inorganic salts [92]. Likewise, the stability of bovine serum albumin (BSA), ribulose-1, 5-biphosphate carboxylase/oxygenase (Rubisco) and Immunoglobulin G1 (IgG1) in sodium potassium phosphate buffer and two ionic liquids: Iolilyte 221PG and Cyphos 108 have been explored recently. It was found that the increased concentration of ILs result in protein aggregation along with affecting protein stability [9]. Cholinium-based ionic liquids comprising buffering characteristics have been recommended for the extraction of biomolecules due to their exceptional properties such as low toxicity, excellent biodegradability and relatively low cost. Moreover, some studies have reported that cholinium-based ILs can retain the protein’s inherent structure and its enzymatic properties 
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[77,93-97]
. Ruiz et al. [82] compared the efficiency of three biocompatible ATPSs viz. PEG 400-Cholinium dihydrogen phosphate, Iolilyte 221PG13-potassium citrate and polyethylene glycol (PEG) 400-Potassium citrate for the extraction of rubisco from the mixture. Among them, Iolilyte 221PG-Citrate was found to be the most efficient with extraction efficiency of ~80-100% after optimization of factors like tie-line length (TLL), pH. However, PEG-based ATPSs have been proved to be more proficient in preserving the integrity of Rubisco  [82]. 

Recent advancement in ATPS system for microalgae fractionation

The concept of ATPS extractive disruption has recently been embraced to streamline the entire downstream processing of proteins from microalgae, which is otherwise time-consuming and challenging owing to the thick cell wall [69]. The ATPS extractive disruption of microalgae has allowed efficient recovery of proteins in less time. Reduced processing time enhanced product quality and quantity by reducing the chance of denaturation or unwanted alteration 
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[98,99]
. Table S2 represents the examples of the application of ATPS on microalgal biomass fractionation. ATPS system consisting of polyethylene glycol and cholinium dihydrogen phosphate has been reported as an efficient solvent medium for obtaining proteins free from pigments using cell disrupted biomass of Neochloris oleoabundans [100]. The recovery of ~84 % of total protein from freeze-dried biomass of microalgae Chlorella sorokiniana has been reported by means of extractive disruption in ultra-sonication mediated ATPS. The ATPS system was composed of 30%(w/w) K3PO4,  20%(w/w) methanol and  3% (w/w) NaCl [101]. Pei et al. [102] were forerunners in applying IL-ATPS for the selective fractionation of proteins from a mixture which contained polysaccharides also. It was reported that 80-100% of the proteins drifted to the top phase, while the carbohydrates particularly accumulated in the bottom phase. Findings of this investigation paved the way for using ATPSs for the fractionation of proteins and carbohydrates from co-existed form. An aqueous two-phase system consisting of iolilyte 221PG, citrate, and water was used for the simultaneous extraction and separation of proteins and carbohydrates from a crude microalgal extract of Neochloris oleoabundans and Tetraselmis suecica [103].  Fractionation of proteins and different kinds of polysaccharides such as arabinans and glucans from Isochrysis galbana was also reported using ATPS system consisting of 1-methyl-3-octylimidazolium chloride [C8mim] Cl (15 wt%) and  K3PO4 (20 wt%) [104].

Membrane separation processes

Unidirectional and selective transfer of target solute happens between two phases through a membrane of appropriate characteristics based on the size of solute and the affinity of the solute to the membrane material, in a membrane separation process. The driving force for mass transfer may be anyone out of the difference in concentration, pressure, electrical or chemical potential. The separation may be size based or affinity-based. The size-based separation includes  nanofiltration (NF), ultrafiltration (UF), microfiltration (MF) etc. based on the size of the pores of the membranes. Membranes and the membrane-based processes can also be classified according to the configurations and fabrication constituents. Membrane technology is widely used across various industries. But the employment of this technology into the bio-refinery is still challenging owing to the bigger sizes and more complex nature of biomolecules [105].  Both the protein and carbohydrate-rich fractions can be obtained through an appropriate membrane separation process, while the lipids will remain in the cells. Further, triacylglycerols (TAGs) can also be separated from the remains using different membranes. UF membranes with a pore size range of 1–100 kDa can execute an important part in the fractionation of microalgal proteins, carbohydrates and TAGs [105].

Gerardo et al. [105] described a scheme for the fractionation of different metabolites from microalgae through membrane processes based on both sizes and charge exclusion. They compared the microalgal bio-refinery inclusive of membrane separation with the fractionation of milk in the dairy industries by using membranes. Pilot-scale MF, UF and NF membrane processes tested for the fractionation of lactose [106], minerals 
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[106,107]
 from milk and casein micelles from milk serum proteins [108]. Components of the milk viz. casein micelles, fat globules, serum proteins, lactose, salts and minerals were fractionated in the range of MF to RO exploiting sizes of components 
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[109,110]
. They described that microfiltration can be used for the separation of the whole or disrupted cellular biomass, while the individual components were likely to be separated across the UF-NF range. However, the fractionation of different products from microalgae via membrane is yet to be verified at the industrial level [105].

A few studies have been reported the utilization of membranes for the downstream processing of microalgal metabolites. Some studies have been conducted on microalgae for the purification of a single component such as the polysaccharides from  Porphyridium cruentum 
 ADDIN EN.CITE 
[111,112]
, Spirulina platensis and Chlorella pyrenoidosa 
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[113]
; concentration of proteins from Chlorella vulgaris and Haematococcus pluvialis in the retentate 
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[114,115]
 (see Table S3). The role of exopolysaccharides of Chlorella sp. and Porphyridium purpureum have also been examined for the membrane fouling during ultrafiltration [116]. Lately, triacylglycerol (TAG) was purified using membrane filtration. Giorno et al. [117] reported that microalgae metabolites such as proteins, sugars and TAGs could be extracted from cell wall broken biomass of Nannochloropsis sp. in a two-step filtration process using 100kDa and 30 kDa regenerated cellulose (RC) membranes. Rejection factors of 0.89 and 0.36 were shown for proteins and sugars, respectively by the 30kDa RC membrane. Whereas, rejection factors for TAGs were found to be 0.16– 0.23, as a result, low recovery was observed. The final solution of TAG was found to be contaminated with a little quantity of protein and sugars. Even though, the conversion of TAGs into biofuel may not be obstructed by its purity [117]. Soluble proteins free from pigments and polysaccharides were obtained by ultrafiltration coupled with diafiltration from the aqueous extract of Nannochloropsis gaditana 
 ADDIN EN.CITE 
[118]
. Fractionation of proteins and polysaccharides from Tetraselmis suecica were also achieved by using two-stage ultrafiltration [119]. Fractionation of lipids and sugars were reported from Nannochloropsis gaditana, Chlorella sorokiniana, and Dunaliella tertiolecta by using dynamic filtration coupled with acid catalysed steam explosion 
 ADDIN EN.CITE 
[120,121]
. Table S3 lists the studies related to fractionation of microalgae biomass by using membrane technologies.

Compressed Liquid technologies

Techniques, which are related to the use of liquid/fluids in a compressed form, generally show greater efficiency in comparison with conventional solvent extraction. The compression of fluids provides operational condition to solvents for attaining unique physical/chemical properties which are otherwise not achievable. These techniques obey principles of green chemistry under certain operational conditions. Pressurized liquid extraction (PLE) and supercritical fluid extraction (SFE) are two most commonly used compressed liquid techniques for extraction of bio-actives from biological sources [122]. PLE and SFE are being considered as prospective unit operations for microalgae bio-refinery as a potential alternative to traditional downstream processes.
Supercritical fluid extraction (SFE)

Supercritical fluids like supercritical CO2 (SCCO2) can be used for the green extraction of non-polar substances (e.g. TAGs) from microalgal biomass. Moderately polar substances (e.g. pigments) can also be extracted by using modified solvents (mixing ethanol with SCCO2) as supercritical fluids. Although this is not a fractionation technique, it is possible to perform fractionation of different components by employing successive decompressions [123]. 

Supercritical fluid extraction employs fluid as extractant at temperatures and pressures which are higher than their critical limit of that fluid. Once past the critical point, the fluid becomes a significantly better solvent with changed physical properties. Simultaneous elevation in pressure and temperature to critical points yields a homogeneous supercritical fluid. No distinction is found between phases at the critical point. Consequently, supercritical fluids show mutual properties of both gases and liquids. Supercritical fluids show viscosity alike gas, while it has density parallel to liquids. However, diffusivity of these fluids remains midway within that of gases and liquids. Modified surface tension and solvent strength of a supercritical fluid also contribute to its unique solvating characteristics. Selectivity to a higher extent can be achieved by the modification of densities through the selection of cations and anions. Carbon dioxide is the most extensively used supercritical fluid for extraction of biomolecules till date. Although, other solvents also have the ability to be used as a supercritical fluid. The various advantages of using carbon dioxide are:  (i) Its mild critical temperature and pressure (304 K and 74 bar); (ii) It is tagged as GRAS (Generally Regarded As Safe) in the food industries; (iii) Its extensive availability and cheap cost; (iv) Its reusability from the industrially expelled CO2, thus fulfilling some of criteria of green process; and (v) Its gaseous state at room temperature, which yields solvent-free extract on decompression. Temperature and pressure, being two most significant parameters, require to be optimized according to the nature of the desired extract. Supercritical fluids have higher density due to increased pressure, which enhances the solubility of different biomolecules. However, the density of these fluids decreases with the isobaric increase of temperature resulting in enhanced vapour pressure. Enhanced vapour pressure promotes mass transfer [124].

Despite being an excellent supercritical fluid CO2 displays some shortcomings. Most important among them is its inability to extract polar substances due to low polarity. To extract moderately polar to polar biomolecules using supercritical CO2, the use of co-solvents (sometimes termed as modifiers) is mandatory. Co-solvents having higher polarity compared to CO2  helps in extending the polarity range of the supercritical mixture [123]. 

Subra and Boissinot (1991) reported that by manipulating operating pressure, different components could be fractionated from algal biomass (Dilophus ligulatus) and obtained as extract with different quantity and quality. Consequently, different sets of operating temperature and pressure should be optimized depending on the compound of interest [125].

Pressurized liquid extraction (PLE)

Extraction techniques employing liquids at high temperatures and pressures below their critical limit of respective solvents has been termed as pressurized liquid extraction. Other terminologies such as accelerated solvent extraction, pressurized fluid extraction,  subcritical water extraction in case of water as a fluid,  or pressurized hot water extraction are also used for this kind of extractions [123]. PLE is also characterized by the requirement of the comparatively low volume of solvents than conventional extraction techniques [126]. Higher temperatures improve the solubility of solute and reduce the viscosity of solvent that enhances the solvent penetration and hence the rate of mass transfer [123]. Moreover, the dielectric constant (ε) of water, that signifies the strength of solvent, is significantly decreased up to 30 at a high temperature close to 523 K. The value of the dielectric constant of the water (ε) is approximately 80 at ambient temperature. The performance of water as solvent under the pressurized condition is as efficient as organic solvents like methanol, ethanol, acetone etc. in terms of polarity owing to comparatively more reduction of dielectric constant [127]. The elevation of temperature and pressure are to be optimized for the solutes of interest for the highest yield of extraction, ensuring water to be in the aqueous state.

Carbohydrates have great solubility in water at temperatures above 373 K and exhibit the highest extraction yield near 473 K under the influence of reduced dielectric constant [128,129]. The degradation of polysaccharide at higher temperature often may result in lower yield and the effect of the reduced dielectric constant may be surpassed  [124]. Proteins have been co-extracted along with carbohydrate by PLE method using either water or ethanol or a mixture of both as solvents 
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[130,131]
.
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Table S1.

Application of TPP process in downstream processing of microalgae
	Name of the organism
	Cell disruption mechanism used
	Materials used for phase separation
	Products Obtained
	References

	Chlorella sp.
	Combination of hot water and enzymatic treatment
	Ammonium sulphate and t-butanol
	Polysaccharides and proteins
	[62]

	Chlorella saccharophila
	High-pressure homogenisation
	Ammonium sulphate and t-butanol
	Lipids carotenoids and proteins
	[61]

	Chlorella sp.
	-
	Dipotassium hydrogen phosphate and ethanol
	Lipids
	[63]

	Chlorella pyrenoidosa
	Ultrasonication and enzymatic treatment
	Ammonium sulphate and t-butanol
	Proteins
	[64]

	Chlorella sp.
	-
	Dipotassium hydrogen phosphate and ethanol
	Pre-treated whole microalgal cells
	[66]


Table S2.

Application of ATPS in the fractionation of microalgal biomass

	Name of the organism
	Cell disruption mechanism used
	Materials used for phase separation
	Products Obtained
	References

	Neochloris oleoabundans
	Bead milling with 0.5 mm size of beads
	Polyethylene glycol and cholinium dihydrogen phosphate
	Proteins, lutein and chlorophyll
	[100]

	Chlorella sorokiniana
	Ultra-sonication
	K3PO4, methanol and  NaCl
	Proteins
	[101]

	Neochloris
oleoabundans and Tetraselmis suecica
	Bead milling
	Iolilyte 221PG, citrate, and water
	Proteins and carbohydrates
	[103]

	Isocrasis galbana
	-
	1-methyl-3-octylimidazolium chloride [C8mim] Cl and  K3PO4
	Proteins, glucans and arabinans
	[104]


Table S3.

Application of membrane technologies for the fractionation single / multiple metabolites from microalgal biomass

	Organism used
	Cell disruption mechanism used
	Name of the membrane technology
	Membrane cut off
	Product obtained
	Ref.

	Porphyridium 

cruentum
	N.A.
	Tangential Diafiltration
	300 kDa
	Extracellular polysaccharides (EPS)
	[111]

	Porphyridium 

cruentum
	N.A.
	Ultrafiltration
	300 kDa and 10 kDa
	EPS and B-phycoerythrin
	[112]

	Spirulina

platensis, Aphanizomenon flos-aquae and Chlorella pyrenoidosa
	Ethanolic dissolution
	Ultrafiltration
	100 kDa
	Polysaccharides with immunostimulatory activity
	
 ADDIN EN.CITE 
[113]


	Haematococcus 

pluvialis
	High-pressure homogenisation
	Tangential flow ultrafiltration
	1 kDa
	Soluble proteins
	
 ADDIN EN.CITE 
[114]


	Chlorella vulgaris
	High pressure homogenisation
	Tangential ultrafiltration
	300 kDa
	proteins
	[115]

	Chlorella sp. and Porphyridium

purpureum
	N.A.
	Tangential and swirling decaying flow ultrafiltration
	40 kDa
	Exopolysaccharides
	[116]

	Nannochloropsis sp.
	Ultrasonication
	Ultrafiltration
	100 kDa and b30 kDa
	Triacylglycerol
	[117]

	Nannochloropsis gaditana
	Enzymatic treatment / High-pressure homogenisation
	Ultrafiltration coupled with diafiltration
	300kDa to 1000 KDa
	Soluble proteins free from chlorophyll, polysaccharides
	
 ADDIN EN.CITE 
[118]


	Tetraselmis 

suecica
	High-pressure homogenisation
	Two-stage ultrafiltration
	100kDa and 10kDa
	Proteins, sugars, mixture of starch and pigments
	[119]

	Nanochloropsis gaditana
	Acid catalysed steam explosion
	Dynamic tangential cross-flow filtration
	5 kDa and 100 kDa
	sugars, crude lipid extract
	
 ADDIN EN.CITE 
[120]


	Chlorella sorokiniana, and Dunaliella
tertiolecta
	Acid catalysed steam explosion
	Dynamic filtration
	5 kDa
	Sugars, mixture of partially hydrolysed proteins and lipids.
	[121]
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