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C-phycocyanin is a highly valuable phycobiliprotein from Arthrospira platensis. However, its extraction, purification and conservation currently limit its commercial use. We review here the most common techniques and less conventional methods. Simple incubation in phosphate buffer at neutral pH can give high yields (>100 mg/g) and even high protein purity (> 0.7) if the parameters (buffer concentration, temperature, incubation time, Arthrospira platensis. state etc.) are chosen correctly. This method is preferable to incubation in distilled water or acid solutions. Some mechanical, physical or thermal treatments can improve the extraction yield and accelerate the release of C-phycocyanin. Ultrasound-assisted extraction has been widely studied and probes generally give higher extraction yields than baths (> 100 mg/g) in less than 30 minutes. This technique can be coupled with others, such as freeze-thaw methods, to improve protein release. Indeed, freeze-thaw cycles are an efficient destructuring technique that can be used alone or as a pretreatment. Bead mills or pulsed electric fields can also be used to extract C-phycocyanin, but there is room for improvement in the choice of operating parameters. For purification of the extracted pigments, salting out or aqueous two-phase extraction can be used to increase phycocyanin grade. More advanced purification methods, mostly based on chromatography, can provide addition improvement. C-phycocyanin stability is dependent principally on pH and temperature, and is higher between pH 5 and pH 7 and at temperatures below 40°C, but the use of various preservatives or conditioning can increases its lifetime.

Introduction

Microalgae grow faster than other plants and can accumulate valuable compounds over short time periods [START_REF] Ullah | Algal biomass as a global source of transport fuels: Overview and development perspectives[END_REF]. They are used in many different applications, as health foods, colorants or therapeutic agents [START_REF] Borowitzka | High-value products from microalgae-their development and commercialisation[END_REF]. Arthrospira platensis (simplified to "spirulina", due to its spiral-shaped structure), is the most widely consumed microalgae worldwide. Its benefits were discovered more than a thousand years ago, initially in Chad, and then in Mexico [START_REF] Ciferri | Spirulina, the edible microorganism[END_REF][START_REF] Farrar | Tecuitlatl; A Glimpse of Aztec Food Technology[END_REF]. It is rich in proteins (50 to 70% of its dry weight) and also contains minerals, vitamin B12, fibers and pigments. It has been reported

to have positive effects on diabetes and obesity [START_REF] Hoseini | Nutritional and medical applications of spirulina microalgae[END_REF] and is used mostly for its beneficial nutritional properties. C-phycocyanin (C-PC) is one of the major high-added value molecules present in Arthrospira platensis. It is a blue, water-soluble protein that harvests light energy at wavelengths (615-620 nm) poorly absorbed by chlorophyll. It is also present in several other microorganisms, such as Spirulina fusiform [START_REF] Minkova | Purification of C-phycocyanin from Spirulina (Arthrospira) fusiformis[END_REF] and Spirulina maxima [START_REF] Cisneros | A simplified strategy for the release and primary recovery of C-phycocyanin produced by Spirulina maxima[END_REF]. Arthrospira platensis also contains high concentrations of other phycobiliproteins, such as allophycocyanin (absorbance at 650 nm) and, to a lesser extent, pycoerythrin (absorbance at 565 nm). C-phycocyanin has been the subject of many studies in recent decades [START_REF] Chamorro-Cevallos | Methods for extraction, isolation and purification of Cphycocyanin: 50 years of research in review[END_REF] and is now used in many applications [START_REF] Eriksen | Production of phycocyanin-a pigment with applications in biology, biotechnology, foods and medicine[END_REF]. It has been reported to have positive effects against ischemia-induced myocardial injury [START_REF] Khan | C-phycocyanin ameliorates doxorubicininduced oxidative stress and apoptosis in adult rat cardiomyocytes[END_REF], inflammation [START_REF] González | Anti-inflammatory activity of phycocyanin extract in acetic acid-induced colitis in rats[END_REF][START_REF] Romay | Further studies on anti-inflammatory activity of phycocyanin in some animal models of inflammation[END_REF], liver injury [START_REF] Nagaraj | Hepatoprotective and antioxidative effects of C-phycocyanin from Arthrospira maxima SAG 25780 in CCl4-induced hepatic damage rats[END_REF][START_REF] Xia | Protective effects of C-phycocyanin on alcohol-induced subacute liver injury in mice[END_REF], and diabetes [START_REF] Ou | Antidiabetic potential of phycocyanin: Effects on KKAy mice[END_REF], and may also protect against cancer [START_REF] Liu | Inhibitory effect of phycocyanin from Spirulina platensis on the growth of human leukemia K562 cells[END_REF][START_REF] Mccarty | Iatrogenic Gilbert syndrome"'-A strategy for reducing vascular and cancer risk by increasing plasma unconjugated bilirubin[END_REF][START_REF] Fernandes E Silva | C-phycocyanin: Cellular targets, mechanisms of action and multi drug resistance in cancer[END_REF]. In addition to its pharmaceutical applications, C-PC can be used in nutrition [START_REF] Fernández-Rojas | Nutraceutical properties of phycocyanin[END_REF] and as a natural coloring for food or cosmetics [START_REF] Kannaujiya | Thermokinetic stability of phycocyanin and phycoerythrin in food-grade preservatives[END_REF][START_REF] Kissoudi | Isolation and purification of food-grade C-phycocyanin from Arthrospira platensis and its determination in confectionery by HPLC with diode array detection[END_REF]. Its fluorescence is also used in scientific research and in diagnostic applications for medicine [START_REF] Liu | Medical Application of Spirulina platensis Derived C-phycocyanin[END_REF][START_REF] Singh | An efficient method for extraction of Cphycocyanin from Spirulina sp. and its binding affinity to blood cells, nuclei and genomic DNA[END_REF]. Its effective extraction from microalgae is, therefore, viral, but its purification and storage are also important for its scientific and commercial value. The quantitative characterization of C-PC is generally performed by spectrophotometric methods [START_REF] Sobiechowska-Sasim | Quantitative analysis of extracted phycobilin pigments in cyanobacteria-an assessment of spectrophotometric and spectrofluorometric methods[END_REF].

The cell wall of Arthrospira platensis is more fragile than those of several other microalgae, such as Chlorella vulgaris and Haematococcus pluvialis [START_REF] Safi | Aqueous extraction of proteins from microalgae: Effect of different cell disruption methods[END_REF]. It may therefore be possible to release C-PC at higher rates through its membrane, provided that the conditions for its diffusion are optimized. The membrane of this microalga consists of four layers, the outermost of which is analogous to the cell wall of gram-negative bacteria; this layer is covered by protein fibrils, followed by a peptidoglycan layer and an innermost fibril layer [START_REF] Ciferri | Spirulina, the edible microorganism[END_REF]. The peptidoglycan layer is the principal contributor to cell rigidity [START_REF] Auer | Bacterial Cell Mechanics[END_REF].

Extraction at a high yield, purification to a high grade, and the storage of C-PC for long periods, together with waste minimization, are the limiting steps in the commercial use of this compound.

We review here the most common techniques used. Even during simple incubation in water, increasing the temperature can increase the diffusion rate, and modifications to pH can increase the solubility of C-PC in water and may even partly solubilize the membrane. Enzymes can be used to lyse the cell walls, and surfactants can help to destructure the membrane and partition the dye. Mechanical or physical chemistry methods can also be used to disrupt the cell wall and/or extract C-PC at a higher rate. Ultrasound, freeze-thaw, bead mills, and pulsed electric fields can be used. The purity of the pigment depends on the methods used, as these methods can extract a broad range of compounds. Extracts generally contain large amounts of chlorophyll. However, the large difference in the solubilities of C-PC and chlorophyll in water make it far easier to separate these two compounds than to separate C-PC from other soluble chromophores or proteins. The purity indicated in the literature therefore generate relates solely to C-PC as a proportion of the total amount of protein extracted, as estimated spectrophotometrically. This purity can subsequently be improved with the various techniques described here. Once C-PC is extracted, judicious conditioning, with careful control of pH and temperature, is required to ensure that it remains stable.

C-PC extraction

Simple extraction in aqueous solutions

Incubation in water

The extraction yield of C-PC is calculated almost exclusively by measuring absorbance at specific wavelengths. In water, the concentration of C-PC can be calculated as follows [START_REF] Bennett | Complementary chromatic adaptation in a filamentous bluegreen alga[END_REF]: CC-PC (mg/mL) = 𝐴 617 -0.474×𝐴 652 5.34 With: CC-PC: Concentration of C-PC (mg/mL) A617: Absorbance at 617 nm A652: Absorbance at 652 nm This equation is used in almost all articles on phycocyanin extraction, but it dates back to 1973 and was initially developed for C-PC extracted from Fremyella, and extinction coefficients may change differ between substrates and extraction conditions [START_REF] Boussiba | Isolation and characterization of phycocyanins from the blue-green alga Spirulina platensis[END_REF]. Furthermore, it does not take into account the influence of chlorophyll pigments on the absorbance values obtained. A correction has, therefore, recently been applied to this equation [START_REF] Lauceri | Chlorophyll a interference in phycocyanin and allophycocyanin spectrophotometric quantification[END_REF][START_REF] Yacobi | Phycocyanin-specific absorption coefficient: Eliminating the effect of chlorophylls absorption: Phycocyanin-specific absorption coefficient[END_REF] Spirulina is cultured in solutions with high concentrations of minerals [START_REF] Sala | Simultaneous production of phycobiliproteins and carbonic anhydrase by Spirulina platensis LEB-52[END_REF][START_REF] Colla | Production of biomass and nutraceutical compounds by Spirulina platensis under different temperature and nitrogen regimes[END_REF]. Its subsequent incubation in distilled water could, therefore, promote osmotic shock and enhance the diffusion of its pigments. However, the use of distilled water in the absence of other treatments (Table 1), with dried or wet spirulina, results in low yields (<25 mg/g) (entries 1-4) and low purities (< 0.8) [START_REF] Wachda | Production of antioxidant C-phycocyanin using extraction process of Spirulina platensis in large scale industry[END_REF][START_REF] Niu | Large-scale recovery of C-phycocyanin from Spirulina platensis using expanded bed adsorption chromatography[END_REF][START_REF] Purohit | Processing-independent extracellular production of high purity C-phycocyanin from Spirulina platensis[END_REF][START_REF] Doke | An improved and efficient method for the extraction of phycocyanin from Spirulina sp[END_REF], even with a long incubation time (24 hours) (entries 1 and 4). Thus, wet or dried spirulina is not significantly broken down by incubation in a hypotonic medium. With a single freeze-thaw cycle (entries 5-7), much higher yields can be obtained [START_REF] Silveira | Optimization of phycocyanin extraction from Spirulina platensis using factorial design[END_REF], but purity remains low. In this last study, a higher yield (93 mg/g) was obtained with the lowest microalga concentration (40 mg/mL).

In distilled water

This indicates that distilled water does not provide sufficient osmotic pressure to enhance the diffusion of C-PC unless the membrane has already been degraded.

In acid aqueous solutions

An acid solution can be used to protonate C-PC and increase its solubility. It may also help to hydrolyze the cell wall. However, strong acids may also hydrolyze C-PC. According to published results (Table 2), the yield may increase with acid concentration (entries 1-4 and 6-7), but it remains low (< 50 mg/g) (entries 1-6). The cell membrane remains resistant to even highconcentration solutions of hydrochloric acid [START_REF] Moraes | C-phycocyanin extraction from Spirulina platensis wet biomass[END_REF][START_REF] Sarada | Phycocyanin from Spirulina sp: influence of processing of biomass on phycocyanin yield, analysis of efficacy of extraction methods and stability studies on phycocyanin[END_REF], and the pigment is not stable at the resulting pH and cannot be extracted with a high yield. The yield obtained in sodium acetate, at a pH of 5, is lower than that obtained with distilled water (entry 9) [START_REF] Silveira | Optimization of phycocyanin extraction from Spirulina platensis using factorial design[END_REF]. It remains low (13 mg/g) (entry 8)

even after successive extraction cycles [START_REF] Niu | Large-scale recovery of C-phycocyanin from Spirulina platensis using expanded bed adsorption chromatography[END_REF]. Freeze-thaw cycles increase the extraction yield (46 mg/g) (last entry). With the use of a phosphate buffer (PB) (Table 3), at neutral pH, it is possible, in some cases, to obtain very high extraction yields (more than 100 mg/g), even at room temperature. A high concentration gradient is required, together with a very low concentration of spirulina in water, to achieve a high diffusivity of C-PC. Very low yields are therefore obtained (entry 4) for a surprisingly high spirulina concentration (5000 mg/mL) [START_REF] Moraes | C-phycocyanin extraction from Spirulina platensis wet biomass[END_REF]. Diffusion across intact cell membranes may also require a long incubation time. With dried spirulina at a concentration of 66 mg/mL and a short incubation time (2 hours) the yield obtained is lower (17 mg/g) (entry 18) [START_REF] Liao | Purification of C-phycocyanin from Spirulina platensis by single-step ion-exchange chromatography[END_REF] than that obtained at a concentration of 10 mg/mL and over a longer incubation time (from 109 to 133 mg/g) (entries 19 to 21) [START_REF] Chaiklahan | Separation and purification of phycocyanin from Spirulina sp. using a membrane process[END_REF]. However, this difference may also reflect the pretreatment of the spirulina. Dried spirulina can give results similar to those obtained with wet spirulina, but the mode of drying must be chosen with care. For example, the exposure of spirulina to the sun, at a temperature of 30-35°C, for seven hours does not result in significant C-PC denaturation, as a yield of 125 mg/g can be obtained (entry 21) [START_REF] Chaiklahan | Separation and purification of phycocyanin from Spirulina sp. using a membrane process[END_REF]. However, lower temperatures may be advantageous, as a yield of 80 mg/g (entry 3) is obtained with air-dried spirulina at 25°C, versus 65 mg/g with sun-dried spirulina at 35°C (entry 2) [START_REF] Doke | An improved and efficient method for the extraction of phycocyanin from Spirulina sp[END_REF]. Yield is strongly decreased by drying temperatures above 40°C, with a yield of 17 mg/g obtained at 50°C (entry 1), versus 80 mg/g at 25°C (entry 3), or 24 mg/g at 70°C (entry 22) versus 125 mg/g at 35°C (entry 21).

One research team [START_REF] Pan-Utai | Extraction of C-phycocyanin from Arthrospira (Spirulina) and its thermal stability with citric acid[END_REF] has performed a large number of extraction trials (108), varying the state of the spirulina (oven-dried or freeze-dried), the concentration of the phosphate buffer (0.1 M and 0.01 M), biomass concentration (20, 40 and 60 mg/mL), incubation time (12, 24 and 48 h) and temperature (-20°C, 4°C, 25°C). The best results for each biomass concentration are indicated here (entries 5-16). The freeze-drying of spirulina weakens the cell membrane, potentially accounting for the better yields obtained with this spirulina pretreatment (entries 11-16, with yields between 128 and 313 mg/g, whereas, for entries 5-10, yield is between 89 and 121 mg/g, although repeatability tests are required to confirm the maximum yield of 313 mg/g). These yields are associated to high purity values (>0.7). Diffusion should increase with temperature, and the highest temperature tested (25°C) does not seem to degrade the dye, even after incubation for 24 h (entries 11-13). This duration seems to be largely sufficient to obtain a high extraction yield and prolonging the incubation time to 48 h may jeopardize C-PC integrity. The concentration of spirulina (from 20 mg/mL to 60 mg/mL) does not seem to be a significant factor (entries 5 to 16).

In summary, better results are generally obtained with freeze-dried spirulina, extraction at ambient temperature (25°C) and in 0.01 M phosphate buffer at pH 7 (entries 11-13) [START_REF] Pan-Utai | Extraction of C-phycocyanin from Arthrospira (Spirulina) and its thermal stability with citric acid[END_REF]. Detergents and enzymes are often used for cell lysis [START_REF] Islam | A Review on macroscale and microscale cell lysis methods[END_REF]. Detergents are composed of amphiphilic molecules that can be incorporated into membrane bilayers, disrupting lipid-lipid and lipid-protein interactions. Above a certain concentration, they can totally disorganize the structure of the membrane, and even solubilize membrane proteins [START_REF] Seddon | Membrane proteins, lipids and detergents: not just a soap opera[END_REF]. Enzymes, such as lysozyme, can digest the polysaccharide components of some cell walls at certain temperatures, pH values and activities [START_REF] Primo | The disruptive effect of lysozyme on the bacterial cell wall explored by an in-silico structural outlook: Effect of Lysozyme on the Bacterial Cell Wall[END_REF]. In Arthrospira platensis, these enzymes can be used to digest the peptidoglycan layer. The various articles dealing with the enzyme-assisted extraction of C-PC do not precisely indicate yield or purity. In one study [START_REF] Tavanandi | Ultrasound-assisted enzymatic extraction of natural food colorant C-Phycocyanin from dry biomass of Arthrospira platensis[END_REF], the results obtained with lysozyme or surfactant were not superior to obtained with phosphate buffer at pH 7 (Table 4). However, lysozyme treatment may increase the purity of the C-PC obtained (entries 4 and 5). This enzyme could certainly be used to break down the peptidoglycan layer of the membrane further in optimized conditions. In the conditions (pH, concentration) used here, the surfactants tested may not have been able to solubilize the membrane proteins and seem to have had little effect on the peptidoglycan layer.

With enzyme or surfactant

Extraction assisted by thermal and/or technological methods

C-PC extraction with ultrasound

Ultrasound without other treatment

Ultrasound can create high shearing forces, with the implosion of cavitation bubbles creating hotspots of high temperature and pressure capable of generating jets of liquid. When using ultrasound technology, it is important to differentiate between ultrasound baths with poorly localized waves and a low volumetric power (generally < 100 W/L) and ultrasound probes, which are generally used to treat smaller volumes, but at much higher power (>1000 W/L). Various parameters are crucial to obtaining a better yield. These parameters include probe diameter and amplitude, immersion depth, container shape, volume of solution, organelle concentrations, temperature, treatment time and pulse mode. However, the values of these parameters are not generally reported in studies dealing with the ultrasound-assisted extraction of C-PC. The concentration of the extract is generally indicated (in mg/mL), but the total volume is not always mentioned, precluding yield comparisons. Here, we separate the results obtained with ultrasound probes (Table 5) from those obtained with ultrasound baths (Table 6), as the energies involved are more than one order of magnitude differed. We indicate only the best yields obtained in each study. Treatment duration was necessarily short (less than 20 min) in all trials with an ultrasound probe.

Extraction yields could reach values exceeding 100 mg/g (entries 1 and 2).

Many parameters differed between the various experiments, so it is difficult to determine precisely which have the greatest influence on extraction yield. Spirulina concentration may affect yield as, with a very low spirulina concentration, 0.5 mg/mL (entry 1), it is possible to obtain a yield exceeding 150 mg/g, whereas yield decreases to 90 mg/g at a concentration of 5 mg/mL (entry 3).

However, differences in the buffers used in the two studies may also have contributed to this result. The addition of CaCl2 (1%) to distilled water seems to have no effect on extraction yield (entries 4 and 5). Spirulina concentration does not seem to be crucial, as even high concentrations of freeze-dried spirulina (entry 2) can give a high extraction yield (131 mg/g), as indicated in a detailed study [START_REF] Sharma | Statistical optimization of process parameters for improvement of phycobiliproteins (PBPs) yield using ultrasound-assisted extraction and its kinetic study[END_REF]. The use of high power with low temperature resulted in a low yield (~ 70 mg/g) (entry 6) [START_REF] Chen | Rapid and efficient recovery of Cphycocyanin from highly turbid Spirulina platensis algae using stirred fluidized bed ion exchange chromatography[END_REF], raising questions about the possible degradation of C-PC or decreases in cavitational activity at high ultrasound energy [START_REF] Bachchhav | Process-intensified extraction of phycocyanin followed by β-carotene from Spirulina platensis using ultrasound-assisted extraction[END_REF]. The low yields (67 mg/g, 52 mg/g and 60 mg/g) obtained in three studies [START_REF] Bachchhav | Process-intensified extraction of phycocyanin followed by β-carotene from Spirulina platensis using ultrasound-assisted extraction[END_REF] (entry 7) [START_REF] Tavanandi | A newer approach for the primary extraction of allophycocyanin with high purity and yield from dry biomass of Arthrospira platensis[END_REF] (entry 8) [START_REF] Pan-Utai | Physical extraction and extrusion entrapment of Cphycocyanin from Arthrospira platensis[END_REF] (entry 9) may reflect a short treatment time, but data for some parameters are missing. In the last of these studies, a relatively low yield (60 mg/g) was obtained after a short extraction time (5 min) despite the use of high power (750 W). Better yields were obtained with a low biomass-to-solvent ratio (1:15 was found to be better than 1:25 and 1:50). After the extraction of C-PC, some authors also treated the residual biomass with ultrasound to extract -carotene [START_REF] Bachchhav | Process-intensified extraction of phycocyanin followed by β-carotene from Spirulina platensis using ultrasound-assisted extraction[END_REF]. *In this study, purity was defined as the ratio between C-PC concentration before and after ultracentrifugation With an ultrasound bath, frequency may have an important effect on the purity of the extracts, or at least on the C-PC/chlorophyll ratio, as indicated by the reports that a frequency of 28 kHz is better than 20 kHz or 40 kHz (entry 3) [START_REF] Furuki | Rapid and selective extraction of phycocyanin from Spirulina platensis with ultrasonic cell disruption[END_REF]. Yields can be high (>100 mg/g) at high dilution (entries 1 and 2) [START_REF] Pan-Utai | Extraction, purification and antioxidant activity of phycobiliprotein from Arthrospira platensis[END_REF], but many parameters, including spirulina state, concentration and the extraction medium used, may explain the lower yields obtained by other authors (entries 4-6) [START_REF] Stramarkou | Recovery of functional pigments from four different species of microalgae[END_REF][START_REF] Hadiyanto | The effects of temperature and frequencies in ultrasound assisted extraction of phycocyanin from microalgae Spirulina sp. International conference of chemical and material engineering (ICCME) 2015: Green Technology for Sustainable Chemical Products and Processes[END_REF][START_REF] Dianursanti | Optimization of phycocyanin extraction from microalgae Spirulina platensis by sonication as antioxidant[END_REF]. The positioning of the sample relative to the transducers should also be taken into account.

With a long duration of ultrasound treatment (3 hours) at a high temperature (35°C), a good yield (81 mg/g) and purity (0.86) can be obtained from dried spirulina (entry 7). Better results were obtained with dried spirulina than with a freeze-dried or frozen sample, but the sources of spirulina were also different. The yields and purities obtained after three hours of sonication were similar to those after 24 or 48 h of classical extraction (incubation in distilled water with constant stirring, at the same temperature and spirulina concentration) [START_REF] Minchev | Ultrasound-assisted extraction of chlorophylls and phycocyanin from Spirulina platensis[END_REF]. 

Synergic use of ultrasound

Freeze/thaw method

In freeze/thaw extraction, the freezing of water at temperature T1 leads to an expansion of cell volume, whereas thawing induces a contraction. With repeated freeze/thaw cycles, the membranes are gradually weakened mechanically and may eventually rupture. The number of cycles is the parameter with the greatest influence, but other variables may also play a substantial role. The lowest temperature reached (T1) must be lower than the freezing temperature of the main compounds present in the microalgae and is clearly of greater importance than the highest temperature (T2) but the rate of temperature change or the duration of the freezing and cooling steps (time at T1 and time at T2) may also be of the utmost importance. It is therefore essential to specify the freezing method used. A few articles have provided detailed information that can be exploited (Table 8). For short extraction times (≤ 2 h) at low temperature T1, yields are low (about 20 mg/g), for both wet (entries 1 and 2) [START_REF] Manirafasha | Ammonium chloride: a novel effective and inexpensive salt solution for phycocyanin extraction from Arthrospira (Spirulina) platensis[END_REF] and dried (entries 6-8) [START_REF] Wachda | Production of antioxidant C-phycocyanin using extraction process of Spirulina platensis in large scale industry[END_REF] spirulina, as some of the water present may not crystallize in these conditions. However, purity seems to depend on the extraction medium (entries 1 and 2) [START_REF] Manirafasha | Ammonium chloride: a novel effective and inexpensive salt solution for phycocyanin extraction from Arthrospira (Spirulina) platensis[END_REF]. After 4 hours at low temperature, yields are significantly higher (entries 3, 9-11) [START_REF] Tavanandi | Simple and efficient method for extraction of C-Phycocyanin from dry biomass of Arthospira platensis[END_REF][START_REF] Yu | Application of an ultrafine shearing method for the extraction of Cphycocyanin from Spirulina platensis[END_REF], whatever the concentration tested. The number of freeze-thaw cycles is also of the utmost importance, and these cycles can be repeated for as long as yield continues to increase (from 59 mg/g after 2 cycles to 101 mg/g after 4 cycles) (entries 4 and 5) [START_REF] Ores | Co-production of carbonic anhydrase and phycobiliproteins by Spirulina sp. and Synechococcus nidulans[END_REF], until a quantitative extraction is achieved. In bead milling, the membranes are destroyed by mechanical impact with the beads, which are agitated to acquire a high kinetic energy. Smaller bead diameters results in smaller ground particles. For bead milling, the diameter of the beads must be specified, at the very least, but their number and total volume should also be indicated. Good yields (64-95 mg/g) (Table 9, entries 1 and 2) are obtained with beads that have a small diameter [START_REF] Jaeschke | Extraction of valuable compounds from Arthrospira platensis using pulsed electric field treatment[END_REF], even if no solvent is added during the crushing procedure [START_REF] Moraes | C-phycocyanin extraction process for large scale use : C-phycocyanin extraction process[END_REF]. Higher diameter beads give low yields ( 14 mg/g) (entries 3 and 4) [START_REF] Cisneros | A simplified strategy for the release and primary recovery of C-phycocyanin produced by Spirulina maxima[END_REF].

Bead mills

Pulsed electric field (PEF)

This method has recently been used to increase the permeability of resistant cellular membranes. It has not been extensively developed for use with spirulina, which has a weaker cell wall than other microalgae and cyanobacteria. This method involves the application of an electric field in a treatment chamber. The field developed depends on the voltage applied between the electrodes and the distance between them. This electric field is applied in a pulsed mode; the pulses may have different widths and shapes and are applied for a particular treatment time. The specific energy is the electrical energy received by the sample [START_REF] Raso | Recommendations guidelines on the key information to be reported in studies of application of PEF technology in food and biotechnological processes[END_REF]. Details are often provided as to the electric impulsions delivered to the system, but the concentration of spirulina is often not reported. The electrical treatment is very short (less than 150 µs), but a longer post-stimulation incubation is then applied to give the desired compounds time to pass through the damaged membrane (Table 10). High yields (entry 4) were also obtained (152 mg/g) with this technique with the parameters tested [START_REF] Jaeschke | Extraction of valuable compounds from Arthrospira platensis using pulsed electric field treatment[END_REF][START_REF] Martínez | C-phycocyanin extraction assisted by pulsed electric field from Artrosphira platensis[END_REF], but further optimization is undoubtedly possible.

High-pressure homogenization

This technique has rarely been used for C-PC extraction from spirulina. In one recent study [START_REF] Viana Carlos | Pressurized extraction of phycobiliproteins from Arthrospira platensis and evaluation of its effect on antioxidant and anticancer activities of these biomolecules[END_REF],

using spirulina dried in an oven at 40°C, moderate pressures, from 15 to 100 bars, were applied, for various time periods (up to 360 min) to a 100 mg/mL solution of spirulina in sodium phosphate buffer (pH 7, 0.1 M). Extraction yield increased with time and pressure, reaching 44 mg/g at 100 bars and 360 min, and the integrity of C-PC appeared to be preserved. A very high purity was achieved (3.6). Additional studies of this method are required to assess its effect on the selective extraction of C-PC more precisely. 

C-PC purification

The purity of C-PC is evaluated by determining its concentration as a proportion of all the proteins extracted. This can be achieved by determining a simple absorbance ratio (A620nm/A280nm). Foodgrade C-PC must have a purity greater than 0.7, whereas reagent-grade C-PC must have a purity of about 3.9. Analytical grade is attributed to any C-PC preparation with a purity higher than 4 [START_REF] Herrera | Recovery of c-phycocyanin from the cyanobacterium Spirulina maxima[END_REF][START_REF] Rito-Palomares | Practical application of aqueous two-phase systems for the development of a prototype process for c-phycocyanin recovery from Spirulina maxima: Aqueous two-phase process for recovery of c-phycocyanin[END_REF]. Depending on the purity expected, various methods can be used after extraction, and most of these methods consist of several successive steps [START_REF] Eriksen | Production of phycocyanin-a pigment with applications in biology, biotechnology, foods and medicine[END_REF][START_REF] Chen | A rapid and efficient technique for direct extraction of C-phycocyanin from highly turbid Spirulina platensis algae using hydrophobic interaction chromatography in stirred fluidized bed[END_REF]. Extraction by simply incubating spirulina in phosphate buffer can result in good purity values, of 1 to 1.8 [START_REF] Doke | An improved and efficient method for the extraction of phycocyanin from Spirulina sp[END_REF][START_REF] Pan-Utai | Extraction of C-phycocyanin from Arthrospira (Spirulina) and its thermal stability with citric acid[END_REF][START_REF] Chaiklahan | Separation and purification of phycocyanin from Spirulina sp. using a membrane process[END_REF], but more disruptive methods rarely result in high purity. A simple salting-out technique is often sufficient to increase purity. Whenever a purification method is used, both final purity and the recovery percentage should be given. However, this second value is often missing from published reports.

We will now considered the most relevant purification techniques described in previous studies, principally salting out, aqueous two-phase extraction and chromatographic methods. Note. FT = freeze-thaw ; US = ultrasound ; Sc-CO2 = supercritical CO2.

Purification by salting out

In salting-out purification (Table 11), the aim is to decrease the solubility of the protein in water by adding a more soluble substance, thereby rendering protein hydration more difficult.

Ammonium sulfate is the salt most frequently used for this purpose. Concentrations below 30%

seemed to be insufficient in some studies (entry 6) [START_REF] Marzorati | Carotenoids, chlorophylls and phycocyanin from Spirulina: supercritical CO 2 and water extraction methods for added value products cascade[END_REF], even if salting out was associated with other purification techniques (entries 10 and 11) [START_REF] Wang | Purification and concentration of Cphycocyanin from Spirulina platensis Using Aqueous Two-Phase System[END_REF][START_REF] Böcker | Time-temperature-resolved functional and structural changes of phycocyanin extracted from Arthrospira platensis/Spirulina[END_REF] with the aim of obtaining a high final purity. With a concentration of 39% to 50%, purity can be increased from 0.9 to 1.3 (entry 4) or from 1.8 to 2.2 (entries 6-8) [START_REF] Boussiba | Isolation and characterization of phycocyanins from the blue-green alga Spirulina platensis[END_REF][START_REF] Marzorati | Carotenoids, chlorophylls and phycocyanin from Spirulina: supercritical CO 2 and water extraction methods for added value products cascade[END_REF]. The use of concentration gradients seems to give results that are at least as good, with a purity of 1.4 to 1.8 (entry 9) [START_REF] Kissoudi | Isolation and purification of food-grade C-phycocyanin from Arthrospira platensis and its determination in confectionery by HPLC with diode array detection[END_REF], or 1.1 to 3.1 (entry 5) [START_REF] Zhang | A simple method for efficient separation and purification of cphycocyanin and allophycocyanin from Spirulina platensis[END_REF] . These results are better than those obtained with a saturated solution, which gave purities from 0.9 to 2.4, 0.8 to 1.9, or 1.5 to 2.8 (entries 1-3) [START_REF] Manirafasha | Ammonium chloride: a novel effective and inexpensive salt solution for phycocyanin extraction from Arthrospira (Spirulina) platensis[END_REF]. The purity indicated relates exclusively to the proteins present in the product. Dialysis may be performed to decrease the salt concentration in the extracted and/or purified C-PC.

Purification by aqueous two-phase extraction (ATPE)

Another simple separation technique widely used for C-PC purification is aqueous two-phase extraction (ATPE) with a polar polymer and a salt. Depending on the parameters used (type and concentration of salt, molecular weight of the polymer, pH, phase volume ratio, etc.), the desired proteins can be concentrated into a single aqueous phase (Table 12). With phase diagrams and a systematic approach, testing different molecular weights of polyethylene glycol "PEG" (4000, 1500, 6000, 20000 Da), different salts, pH, and volume ratios, the purity of C-PC was increased from 1.18 to 3.52 (entry 2) [START_REF] Patil | Aqueous two phase extraction for purification of Cphycocyanin[END_REF], with a high recovery percentage. With similar parameters, but starting from a lower initial purity and with a lower concentration of PEG 4000, another study failed to achieve such high purity (entry 3) [START_REF] Antelo | Extraction and purification of Cphycocyanin from Spirulina platensis in conventional and integrated aqueous two-phase systems[END_REF]; this was also the case for the use of a polymer of lower molecular weight (entry 1) [START_REF] Cisneros | A simplified strategy for the release and primary recovery of C-phycocyanin produced by Spirulina maxima[END_REF]. Purification in situ with PEG4000 and KH2PO4 at pH 7 was also found to be highly efficient (entry 5) [START_REF] Chew | Liquid biphasic flotation for the purification of C-phycocyanin from Spirulina platensis microalga[END_REF]. With the use of an ionic liquid instead of PEG, some researchers reported obtaining both a high final purity and a high recovery percentage (entry 4) [START_REF] Zhang | Extraction and separation of phycocyanin from Spirulina using aqueous two-phase systems of ionic liquid and salt[END_REF].

With lower-molecular weight PEGs and sodium phosphate, at a pH of 5.8, it was possible to increase purity from 0.42 to 1.31, and a third ATPE made it possible to increase purity to 2.11 [START_REF] Zhao | Bioprocess intensification: an aqueous two-phase process for the purification of C-phycocyanin from dry Spirulina platensis[END_REF] (entry 6). The use of trimethylamine (TMA) with PEG 1000 and Na3PO4 at pH 6.25 and 25°C

gave a better purification. Final purity was 4.36 with non-optimized parameters, and reached 5.21 after a response surface methodology, and even 6.71 for two-stage ATPE (entry 7) [START_REF] Wang | Application of TMA-PEG to promote C-phycocyanin extraction from S. platensis in the PEG ATPS[END_REF]. Note: HPH = high-pressure homogenization

Purification by chromatography or other techniques

Other methods for purifying C-PC generally involve chromatographic techniques (Table 13) for increasing purity by several units. Ion-exchange chromatography is the most widely used method (entries 1, 3-8, 10-11, 13, 15, 17). proteins with the column. Near-optimal conditions were described as early as 1972 [START_REF] Binder | C -phycocyanin from the thermophilic blue-green alga Mastigocladus laminosus , isolation, characterization and subunit composition[END_REF], based on a mixture of gel filtration and ion-exchange chromatography. These conditions were then adapted and modified [START_REF] Boussiba | Isolation and characterization of phycocyanins from the blue-green alga Spirulina platensis[END_REF]. Elution can be controlled by gradually changing ionic strength, but pH gradients can also be used, and both methods were tested in some studies (entries 3-4). The isoelectric point (PI) of C-PC is indicated as 4.7 [START_REF] Baskin | pH-induced intracellular protein transport[END_REF], about 4.6 to 5.2 according to several studies [START_REF] Abalde | Purification and characterization of phycocyanin from the marine cyanobacterium Synechococcus sp. IO9201[END_REF][START_REF] Mac | Extraction and purification of phycocyanin from Calothrix sp[END_REF][START_REF] Sala | Kinetics and adsorption isotherm of Cphycocyanin from Spirulina platensis on ion-exchange resins[END_REF], or about 4.1-6.4 [START_REF] Jiang | Phycocyanin: A potential drug for cancer treatment[END_REF]. The pH gradients used generally remain close to the isoelectric point, from 3.4 to 5.6 (entry 4) or from 3.8 to 5.6 (entry 8), which is almost PI-1 to PI+1, the charge of the protein being quite low, and salt gradients can remain low (<0.1 M) (entry 13), medium (0.1-0.5 M) (entries [START_REF] Hoseini | Nutritional and medical applications of spirulina microalgae[END_REF][START_REF] Minkova | Purification of C-phycocyanin from Spirulina (Arthrospira) fusiformis[END_REF][START_REF] Khan | C-phycocyanin ameliorates doxorubicininduced oxidative stress and apoptosis in adult rat cardiomyocytes[END_REF][START_REF] González | Anti-inflammatory activity of phycocyanin extract in acetic acid-induced colitis in rats[END_REF][START_REF] Ou | Antidiabetic potential of phycocyanin: Effects on KKAy mice[END_REF][START_REF] Mccarty | Iatrogenic Gilbert syndrome"'-A strategy for reducing vascular and cancer risk by increasing plasma unconjugated bilirubin[END_REF] or extend to higher values (up to 1 M) (entry 3).

study [START_REF] Chaiklahan | Stepwise extraction of high-value chemicals from Arthrospira (Spirulina) and an economic feasibility study[END_REF], an activated charcoal column gave a recovery yield of 89%, which was decreased to 

C-PC stability

Like most natural dyes and pigments, C-PC is stable only in very specific conditions. Most studies of the stability of C-PC have investigated the influence of temperature and pH on the persistence of the dye [START_REF] Purohit | Processing-independent extracellular production of high purity C-phycocyanin from Spirulina platensis[END_REF][START_REF] Doke | An improved and efficient method for the extraction of phycocyanin from Spirulina sp[END_REF][START_REF] Sarada | Phycocyanin from Spirulina sp: influence of processing of biomass on phycocyanin yield, analysis of efficacy of extraction methods and stability studies on phycocyanin[END_REF][START_REF] Pan-Utai | Extraction of C-phycocyanin from Arthrospira (Spirulina) and its thermal stability with citric acid[END_REF][START_REF] Chen | Rapid and efficient recovery of Cphycocyanin from highly turbid Spirulina platensis algae using stirred fluidized bed ion exchange chromatography[END_REF][START_REF] Antelo | Thermal degradation kinetics of the phycocyanin from Spirulina platensis[END_REF][100][101][102][103][104]. Depending on the type of buffer salt and its concentration, differences in stability may be observed at any given pH and temperature, but there is a homogeneous tendency (Table 14). Below 25°C, the dye remains stable for at least five days if stored at a pH between 5 and 6. However, this stability gradually decreases with increases in temperature from 25°C to 45°C, resulting in a half-life (t½) of less than one day, with severe decreases at higher temperatures [START_REF] Pan-Utai | Extraction of C-phycocyanin from Arthrospira (Spirulina) and its thermal stability with citric acid[END_REF]100,102]. At neutral pH, the dye seems to be slightly less stable [START_REF] Purohit | Processing-independent extracellular production of high purity C-phycocyanin from Spirulina platensis[END_REF]103,104] Unfortunately, C-PC stability does not seem to be associated with purity. The possible link between stability and the presence of contaminating molecules in the C-PC extract has not really been studied. An understanding of the dependence of C-PC stability on several factors, such as the presence of carbohydrates or other potential preservatives, a favorable pH, temperature, illuminating conditions, and so on, could also be used to improve the culture and extraction procedures for spirulina, to prevent C-PC denaturation during its formation and extraction.

Conclusion

The method for shortening extraction time and obtaining high yields. These high yields are often associated with the release of multiple contaminants, but simple purification methods (salting out, aqueous two-phase purification) can be used to achieve food-grade quality, whereas more complex methods, often based on successive steps of preparative chromatography, are required to achieve higher grades. High yields and purities can make it possible to decrease the amount of culture required to obtain a given amount of pigment; achieving this goal is important, to decrease the environmental impact of C-PC extraction [118]. However, the environmental cost of such technological requirements must be examined in detail at the industrial scale, as the simple incubation of frozen or freeze-dried spirulina in a suitable buffer may also provide high extraction yields. This pigment can persist for more than a month at an appropriate temperature, pH and with appropriate packaging, but further studies may be required to extend its stability further, for its incorporation into alimentary formulations with a long shelf life.

  , taking into account the specific absorption values of chlorophyll at these wavelengths. The equation thus becomes: CC-PC (mg/mL) = 𝐴 617 -𝐴 617 (𝑐ℎ𝑙𝑎)-0.474×(𝐴 652 -𝐴 652 (𝑐ℎ𝑙𝑎) 5.34 With: 𝐴 617 (𝑐ℎ𝑙𝑎): contribution of chlorophyll a to the absorbance measured at 617 nm A652 (𝑐ℎ𝑙𝑎): contribution of chlorophyll a to the absorbance measured at 652 nm The extraction yield is then calculated as follows: YC-PC (mg/g) = C ×V 𝑚 With Yc-pc: C-PC extraction yield (mg/g), c: concentration of C-PC (mg/mL), V: volume of the extract (mL) and m: mass of spirulina (g). Protein purity is evaluated by determining the ratio of C-PC absorbance at 620 nm and the absorbance of the aromatic amino acids of all proteins at 280 nm. Several authors have performed extraction involving only incubation or gentle stirring in different solutions. The influences of time, microalga conditioning and concentration have also been investigated, sometimes through experimental design. The most interesting results of these studies are reported here, but we have deliberately excluded studies for which it was not possible to calculate an extraction yield (mg C-PC/g of biomass).

  determination of C-PC concentration in Arthrospira platensis extracts remains challenging and merits further research, as simple spectrophotometric methods provide only approximate values, and fail to take into account several parameters, including the influence of co-products and the substrate used. However, such methods may be sufficient for comparisons of different extraction methods. Based on the extensive studies of C-PC extraction already published, it seems to be possible to obtain quantitative amounts of this protein at a high grad through the use of several methods, either alone or together. Various parameters, including the duration of incubation, temperature, pH, buffer molarity, source and level of shearing, may affect the extraction yield. Freeze-thaw methods appear to be an efficient pretreatment, as they weaken cell membranes, making it possible to achieve high C-PC extraction yields with low-energy treatments. Innovative methods are gradually being developed (US probes, pulsed electric field) to facilitate the rapid release of C-PC, and US treatment with probes is now a widely used, effective

Table 1 .

 1 Yield (Y) and purity (P) of C-PC after incubation of spirulina in distilled water, as a function of initial state of spirulina, concentration (C), incubation, temperature and time (N.I : not indicated).

			C		Incubation	Y		
	#	Spirulina state		Conditions			P	Ref.
			(mg/mL)		time (H)	(mg/g)		
				Stirring 30				
	1	Dried	1 -170		24	17-18	N.I.	[31]
				min				
	2	Dried	33	N.I.	4x12	24	0.7	[32]
	3	Wet	N.I.	37°C	14-16	11	0.2	[33]
	4	Wet	N.I.	4°C	24	13	0.5	[34]
	5		70	24°C	24	47	0.4	
	6	Dried (40°C, 48 h)	80	32.5°C	24	40	0.5	
								[35]
		then frozen (-18°C)		30°C,				
	7		40		24	93	N.I.	
				rotary shaker				

Table 2

 2 

		. Yield (Y) and purity (P) of C-PC after spirulina incubation in acid solutions, as a function of initial spirulina
	state, concentration (C) ,extraction medium, incubation temperature and time (N.I. : not indicated)	
	#	Spirulina	C	Extraction		Incubation	Y		
					Conditions			P	Ref.
		state	(mg/mL)	medium		time (H)	(mg/g)		
	1			HCl 4 M			<2		
	2			HCl 6 M			17		
	3			HCl 8 M			12		
		Wet	5000		25°C	24		N.I.	[38]
	4			HCl 12 M			40		
	5			Acetic acid,					
							<2		
				1 M					
	6			HCl 2-8 N			< 0.5		
		Wet	N.I.		25°C	24		N.I.	[39]
	7			HCl 10 N			2.1		
				Sodium					
	8	Dried	33	acetate	4°C	12 cycles	13	0.6	[32]
				(pH 5.0)					
		Dried		Sodium					
		(40°C, 48	40	acetate	30°C,				
	9					24	46	N.I.	[35]
		h)		(10 mM, pH	rotary shaker				
		then frozen		5.0)					

At neutral pH, with phosphate buffer

  

	16		20		25°C	12	313	0.6	
		Dried							
					30°C,				
		(40°C, 48 h)							
	17		40	0.01 M	rotary	24	105	N.I.	[35]
		then frozen							
					shaker				
		(-18°C)							
	18	Dried	66	0.1 M	Stirring	2	17	0.9	[41]
	Table 3. Yield (Y) and purity (P) after the incubation of spirulina in phosphate buffer, as a function of initial spirulina
	19	Wet					109	1.0	
	state, concentration (C) , buffer molarity, incubation temperature and time (N.I. : not indicated)	
		Freeze-dried							
	20	(-80°C, 25°C,	C	Buffer		Incubation	Y 133	0.8	
	#	Spirulina state			Conditions			P	Ref.
		8 h)	(mg/mL)	molarity		time (H)	(mg/g)		
									[42]
		Dried Sun-dried	10	0.1 M	Stirring	4			
	21						125	0.8	
	1	(Water bath, (30-35°C, 7 h)					17	1.0	
		50°C) Oven-dried							
	22						24	0.2	
		Sun-dried (70°C, 7H)	N.I.	0.1 M	4°C	24			[34]
	2						65	0.9	
	23	(35°C, 1 h) Freeze-dried					83	0.6	[43]
		Air-dried							
	3						80	1.8	
		(25°C, 1 h)							
				10 -4 M					
	4	Wet	5000	+ EDTA	25°C	24	<2	N.I.	[38]
				+ lysozyme					
	5		60				96	3.5	
	6		40	0.01 M	25°C	24		3.2	
	7		20					3.3	
		Oven-dried							
	8		60			48		0.8	
	9		40	0.1 M	25°C	24		0.7	
	10		20			12	89	0.7	[40]
	11		60					0.9	
	12		40	0.01 M	25°C	24		1.0	
	13	Freeze-dried	20					1.0	
	14		60					0.8	
				0.1 M	4°C	24			
	15		40					0.8	

Table 4
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		Concentration					Duration	
	#		Medium	Conditions	Y	P		Ref.
		(mg/mL)					(H)	
	1	167	Tween 80 (0.6%)	27°C	84	0.7	0.8	
	2	167	Tween 20 (0.6% pH 7)	27°C	77	0.8	1	
	3	167	Triton X-100 (0.6%)	27°C	50	0.6	0.8	[44]
	4	5	Lysozyme (0.6%, pH 7)	37°C	70	1.2	0.8	
	5	167	Lysozyme (1%, pH 7)	37°C	80	1.2	16	

. Yield (Y) and purity (P) of C-phycocyanin after the incubation of spirulina in different enzymatic or surfactant solutions as a function of initial spirulina concentration, incubation time and temperature

Table 5 .
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								Power	
				Probe					
		Spirulina	C		V	T	Extraction	(W)	Duration	Yield
	#			diam.				Puls.		Ref.
		state	(mg/mL)		(mL)	(°C)	medium	Amplitude	(min)	(mg/g)
				(mm)					
								(%)	
							TRIS-		
			0.5				SO4	60 W ;	
	1	Wet		4	8	4		N.I	12	174	[48]
			(dry)				(pH 7.5,	N.I.	
							50 mM)		
		Freeze-					Britton-	130 W	
	2		200	30	5	25		75%	20	131	[49]
		dried					Robinson	N.I.	

Yield (Y) of C-phycocyanin after extraction assisted by ultrasound probe,s as a function of the initial spirulina concentration (C), probe diameters (probe diam.), volume (V), treatment temperature (T) and time, extraction

medium, pulsation (Puls.), power and/or amplitude of the ultrasound wave (N.I. : not indicated)

Table 6 .

 6 

		Spirulina	C	T.	Extraction	f	Power	Duration	Yield		
	#									P	Ref.
		state	(mg/mL)	(°C)	medium	(kHz)	(W/L)	(min)	(mg/g)		
	1 Oven-dried			PB				105	0.67	
			2	25	(pH 7, 0.01	35	160	30			[56]
	2 Freeze-dried							83	0.54	
					M)						
					PB			6			
	3	Dried	48	<10		28	100		67	High*	[57]
					(pH 7, 0.1 M)			(plateau)			
		Oven-dried			Distilled						
	4		50 (dry)	30		N.I.	225	5	32	N.I.	[58]
		(60°C , 3 h)			water						
	5	Wet	60	45	Ethanol 96%	42	400	35	16	N.I.	[59]
	6	Air-dried	N.I.	25	PB	37	112	25	8	0.6	[60]

Yield (Y) and purity (P) of C-phycocyanin after ultrasound bath-assisted extraction, as a function of spirulina initial state, concentration (C), treatment time and temperature, extraction medium, ultrasound frequency (f) and power (N.I.: not indicated)

Table 7 .

 7 Several authors have tried to associate the use of ultrasound with other extraction methods, such as freeze-thaw, maceration and homogenization, to increase extraction yield further, but only a few have studied the synergic effects of ultrasound and other treatments, as presented in Table 7[START_REF] Tavanandi | Ultrasound-assisted enzymatic extraction of natural food colorant C-Phycocyanin from dry biomass of Arthrospira platensis[END_REF][START_REF] Tavanandi | Simple and efficient method for extraction of C-Phycocyanin from dry biomass of Arthospira platensis[END_REF]. In these studies, phosphate buffer (pH 6.8, 0.1 M) was used with spirulina rehydrated for 120 minutes and used at a concentration of 167 mg/mL.

	indicated)			
			Yield	
	#	Extraction method		Purity	Ref.
			(mg/g)	
	US alone (Probe, 24 kHz -4000 W/L -		
	1		52	0.6
		1/1-4°C 2.5 min)		
					[62]
	2	Freeze/thaw alone (4 cycles F/T)	74	0.66
	3	US + Freeze/Thaw	109	0.4

Yield (Y) and purity (P) of C-PC after ultrasound-assisted extraction coupled with another method (N.I.: not

Combinations of methods systematically provided a better extraction yield, particularly for freezethaw extraction (entries 2 and 3). However, purity decreased with increasing number of freeze/thaw cycles, as additional molecules are released with each cycle. Many studies have investigated freeze-thaw methods for C-PC extraction.

Table 8
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		. Yield (Y) and purity (P) of C-phycocyanin after freeze/thaw extraction as a function of initial spirulina state,
	concentration (C), extraction medium, temperature (T1) and freezing time, temperature (T2) and time of thawing,
	number of freeze/thaw cycles (N.I. : not indicated)						
						Time		Time			
		Spirulina	C	Extraction	T1		T2			Y	
	#					at T1		at T2	Cycles		P	Ref.
		state	(mg/mL)	medium	(°C)		(°C)			(mg/g)	
						(H)		(H)			
				NH4Cl							
	1		10	(pH 4.4,						18	0.7
				0.05 M)							
		Wet			-20	2	4	4	4			[63]
				PB							
	2		35	(pH 7,						20	1.5
				0.125 M)							
				PB							
	3	Dried	50		-20	4	25	0.33	4	83	N.I.	[64]
				(pH 6.5)							
	4			Tris-HCl					2	59	N.I.
		Wet	5	(pH 8.3, 5	-18	< 24	25	< 24				[50]
	5								4	101	N.I.
				g/L)							
	6									17	
		Oven-		Distilled							
	7		20		-18	2	25	0.5	N.I	18	N.I.	[31]
		dried		water							
	8		10							18	
	9			PB						74	0.7
		Dried		(pH 6.8,	-40	4	25	1	4			[62]
	10									75	0.6
				0.1 M)							

Table 9 .
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						Bead				
		Spirulina	C	Extraction	Bead			Y		
	#					volume	Conditions		P	Ref.
		state	(mg/mL)	medium	diameter			(mg/g)		
						percentage				
				PB	0.25 -0.5		4 cycles, 25			
	1	Wet	N.I.			N.I.		95	N.I.	[65]
				(pH 7.2)	mm		s, 30 Hz			
							Post			
							milling:			
							100 rpm, 4			
					0.106 -		h, 25°C and			
	2 Frozen	N.I.	None		N.I.		64	0.8	[66]
					0.125 mm		S:L =			
							0.08:1			
							(distilled			
							water)			
	3	Wet	12	CaCl2 10	0.8-5 mm	38%	1500 rpm	7	1.3	[7]

Yield (Y) and purity (P) of C-phycocyanin after bead milling, as a function of spirulina initial state, concentration (C), extraction medium, bead diameter, the percentage of the volume occupied by the beads, and operating conditions (N.I.: not indicated)

Table 10
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	. Yield (Y) and purity (P) of C-phycocyanin after PEF extraction on wet spirulina as a function of the electric
	field applied, pulse mode, specific energy (Spec. energy) and post-treatment incubation time (Post-Incub time) (N.I.:
	not indicated)					
	Spirulina	Extraction	Electric	Spec.	Post-Incub.	Y
	#		Puls./Time			P	Ref.
	State	medium	field	energy	time	(mg/g)

  Some of the various methods detailed above for the extraction of C-PC may be suitable for use alone or in synergy (particularly with freeze-thaw pretreatment) to obtain high extraction yields. It even appears possible to obtain both a good extraction yield and high purity (as observed in table3, entries[START_REF] González | Anti-inflammatory activity of phycocyanin extract in acetic acid-induced colitis in rats[END_REF][START_REF] Romay | Further studies on anti-inflammatory activity of phycocyanin in some animal models of inflammation[END_REF][START_REF] Nagaraj | Hepatoprotective and antioxidative effects of C-phycocyanin from Arthrospira maxima SAG 25780 in CCl4-induced hepatic damage rats[END_REF][START_REF] Xia | Protective effects of C-phycocyanin on alcohol-induced subacute liver injury in mice[END_REF][START_REF] Ou | Antidiabetic potential of phycocyanin: Effects on KKAy mice[END_REF][START_REF] Liu | Inhibitory effect of phycocyanin from Spirulina platensis on the growth of human leukemia K562 cells[END_REF][START_REF] Mccarty | Iatrogenic Gilbert syndrome"'-A strategy for reducing vascular and cancer risk by increasing plasma unconjugated bilirubin[END_REF][START_REF] Fernandes E Silva | C-phycocyanin: Cellular targets, mechanisms of action and multi drug resistance in cancer[END_REF][START_REF] Fernández-Rojas | Nutraceutical properties of phycocyanin[END_REF], provided that optimal spirulina pretreatment and extraction parameters are used, rendering C-PC extraction more economically viable. However, most studies have focused exclusively on extraction yield, the purity of C-PC either being totally ignored or considered a minor issue due to the large panel of purification techniques available.

Table 11 .

 11 Purification of C-PC by salting out as a function of C-PC extraction mode, the salt used, initial purity, final

	purity and recovery percentage (Rec.)					
				Initial	Final	Rec.	
	#	C-PC extraction mode	Salt used				Ref.
				Purity	purity	(%)	
	1	FT	Sat. (NH4)2PO4	0.9	2.4	N.I.	
	2	FT + 0.125 M sodium phosphate		0.8	1.9	N.I.	[63]
			Sat. (NH4)2SO4				
	3	FT + 0.05 M NH4Cl		1.5	2.8	N.I.	
	4	Enzymatic extraction	50% (NH4)2SO4	0.9	1.3	N.I.	[28]
			30% (NH4)2SO4 then				
	5	FT + US		1.1	3.1	N.I.	[73]
			50% and 65%				
	6	Sc-CO2 + dialysis	24% (NH4)2SO4	1.8	1.9	N.I.	
	7	Sc-CO2 + dialysis	39% (NH4)2SO4	1.8	2.2	N.I.	[74]
	8	Sc-CO2 + dialysis	50% (NH4)2SO4	1.8	2.2	N.I.	
			25% (NH4)2SO4				
	9	FT + US		1.4	1.8	N.I.	[21]
			then 70%, 1 h, 4°C				
		FT and first purification with					
	10		25% (NH4)2SO4, 1 h	1.6	2.9	81%	[75]
		chitosan					
			25% (NH4)2SO4, 1 h +				
	11	Spray-dried		1.2	3.0	N.I.	[76]
			diafiltration				

Table 12 .

 12 Purification of C-PC by ATPE methods, according to initial and final purity and recovery percentage (Rec.) ,

	by C-PC extraction mode, polymer nature, molecular weight, the nature and concentration of the salt used, and
	operating conditions.							
		C-PC							
			Polymer &			Initial	Final	Rec.	
	#	extraction		Salt used	Conditions				Ref.
			MW			purity	purity	(%)	
		mode							
		Extraction							
					12 g/L of				
		with glass	PEG 1450	KH2PO4/K2HPO4					
	1				spirulina,	N.I.	1.3	N.I.	[7]
		beads in situ	7%	20%					
					pH 6.5				
		with ATPE							
					Volume				
			PEG 4000,	KH2PO4/K2HPO4					
	2	HPH			ratio 0.8,	1.18	3.52	90.6%	[77]
			13%	14%					
					pH 6				
			PEG 4000	KH2PO4/K2HPO4					
	3	Conventional			pH 6	0.59	0.79	N.I.	[78]
			5%	18%					
			23%						
	4	FT		29% K2HPO4	3 mg/mL	N.I.	3.98	90.2%	[80]
			[Bmim]Cl						
					0.625% of		Purif.		
		In situ, air	PEG 4000	K2HPO4 25%,					
	5				crude	N.I.	3.16-	87%	[79]
		flotation	(250 g/L)	pH 7					
					extract		fold		
	6	FT	PEG 1000	Na3PO4	pH 5.8	0.42	1.31	89.52	[81]
			PEG1000/						
					pH 6-7,				
	7	FT	TMA-	Na3PO4		2.08	5.21	>97%	[82]
					T<35°C				
			PEG1000						

Table 13
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		. Final purity (FP) and recovery percentages (Rec.) after chromatographic treatments, as a function of chromatography
	type (Chrom. type), prior purification steps, column type and sample volume			
	# Chrom.	Prior steps IP	Column	Sample	Elution	FP Rec.	Ref.
		type			type	volume	mode		(%)
					DEAE-				
							200 mL NaCl		
					SEPHAROSE				
	1	IEC	SO, dialysis 3.10		N.I.	(0-0.25 M)	4.56	N.I.
					CL-6B				
							1 mL/min		
					(2.5*15 cm)					[73]
							0.002 M PB		
					Sephadex G-100				
	2	GFC	#1	4.56		N.I.	(pH 7), 0.5	5.06	N.I.
					(1.5*40 cm)				
							mL/min		
							50 mL NaCl		
					C10/C20 Q-		(0.1 M then		
					Sepharose Fast		(0.1-1 M), in		
	3	IEC	None	0.9		N.I.		3.4	30.2
					Flow 8 mL		Tris buffer		
					(1*20 cm)		(pH 5)-40			[85]
							cm/h		
					C10/C20 Q-		0.1 M acetate		
	4	IEC	None	1	Sepharose Fast	N.I.	buffer pH	4.5	37.3
					Flow 8 mL		(5.6-3.4)		
							NaCl (0-0.35		
							M), 0.8		
					DEAE Sepharose		mL/min (C-		
	5	IEC	SO, dialysis 1.81		5 mL		2.5	N.I.	[21]
					Fast Flow		PC) at NaCl		
							concentrations		
							between 0.25		

  51.9% by one-step gel filtration, and to 48.2% by IEC chromatography. The combination of these two methods resulted in the recovery of only 22 to 25% of C-PC (entries[START_REF] Liu | Inhibitory effect of phycocyanin from Spirulina platensis on the growth of human leukemia K562 cells[END_REF][START_REF] Mccarty | Iatrogenic Gilbert syndrome"'-A strategy for reducing vascular and cancer risk by increasing plasma unconjugated bilirubin[END_REF][START_REF] Fernandes E Silva | C-phycocyanin: Cellular targets, mechanisms of action and multi drug resistance in cancer[END_REF][START_REF] Fernández-Rojas | Nutraceutical properties of phycocyanin[END_REF]. Even high-grade C-PC obtained with a high recovery value by ATPE, such as that with a final purity of 5.21 and a recovery value exceeding 97% obtained in one study (table 12, entry 7), cannot be readily exploited if it is not packaged in an environment ensuring an appropriate shelf life for its field of application.

Table 14 .

 14 than at pH 6, and at pH>8, the dye is unstable. Below pH 5, the dye is rapidly degraded, with color completely disappearing within one day at pH 3, even at low temperature In terms of light stability, the exposure of C-PC to intense illumination (3.28 x10 5 lux) for a period of 24 h leads to about 70% degradation of the pigment at pH 5 and 80% degradation at pH 7[107]. At pH 7, C-PC exposed to white fluorescent light from a 20 W lamp is gradually degraded over a period of two months, with a loss of ~10% at 4°C, ~30% at 25°C and ~50% at 40°C [108].Attempts have been made to increase the stability of the dye through the use of different preservatives. No effect of egg or whey protein, or of maltodextrin alone or in combination with xanthan gum, gum arabic or carrageenan was observed[103]. Beet pectin slightly improved thermal stability[109]. Sugars have also been tested. Honey is potentially a good preservative, but stability appears to be more closely linked to sugar concentration than to sugar type. Hence, with its high concentration at saturation, fructose would be expected to have a better effect than sucrose, maltose or glucose, whereas lactose would have no effect[110]. NaCl may have a positive effect even at 60°C, and may be a better preservative than sucrose and glucose[100, 111]. Stability of C-PC with pH and temperature* Note: either half-life t1/2 of C-PC or amount of C-PC remaining after a fixed time is indicated.

	[104]. The chromophore of C-PC is phycocyanobilin, a linear tetrapyrrole covalently bound to
	phycobiliproteins via a cysteine residue with a thioether linkage [105]. It contains two carboxylic
	acids, with pKa values of 2.4 and 9.6 according to molecular modeling. Hence, at pH values
	between 5 and 7, the highest stability observed corresponds to a monoanion form in which the
	hydrogen atom binds to the two carboxylate groups [106].

Sucrose can also stabilize C-PC at low temperature, as can calcium chloride, whereas citric acid at a low concentration (4 mg/mL) can keep C-PC stable, even at 35°C for 45 days

[112]

. Another study showed calcium chloride and ascorbic acid to be less effective preservatives than sucrose and citric acid, whereas benzoic acid stabilized the dye very effectively. Sodium azide and sodium citrate can also improve stability at 4°C and 25°C

[98]

. Another possible method of stabilization is the incorporation of C-PC into a matrix that protects it from oxidation. For example, C-PC is wellstabilized when solubilized in micelles

[113, 114]

, in chitosan or alginate/chitosan microcapsules

[115, 116]

, or in polyethylene oxide nanofibers

[117]

. *
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The salt concentration at which the enriched fraction is eluted depends on buffer strength and pH, and the type of column.

Hydroxyapatite columns are generally used in combination with ion-exchange chromatography (entries 9 and 14) to increase C-PC purity further through the complexation of the calcium and phosphate ions of this mineral matrix with the amino and carboxyl groups of proteins. The proteins are then eluted in different concentrations of competitive ions or at different pH values. Some authors have also used an extended bed adsorption system to adsorb proteins separately from cell debris and contaminants (entry 12). With complementary anion-exchange chromatography and hydroxyapatite purification processes for less pure fractions, it is possible to achieve purities >3 [START_REF] Niu | Large-scale recovery of C-phycocyanin from Spirulina platensis using expanded bed adsorption chromatography[END_REF]. Proteins can also be purified on the basis of molecular size, by gel filtration (entries 2 and 16). The molecular weight of C-PC was initially estimated at about 30 kDa ( [START_REF] Kao | C-Phycocyanin monomer molecular weight[END_REF]) in various microalgae, but it seems to be much larger, with a molecular weight of about 91 kDa, in Arthrospira platensis, as recently shown ([97]) with the use of large-volume polyglucoside beads (Sephadex G100 to Sephadex G150). Gel filtration can also be associated with ion-exchange chromatography, which can be performed before or after this method, with similar results (entries 18 and 19). Other purification techniques involve filtration, including nanofiltration in particular, to separate molecules of different molecular weights [START_REF] Chaiklahan | Separation and purification of phycocyanin from Spirulina sp. using a membrane process[END_REF][START_REF] Chaiklahan | Stepwise extraction of high-value chemicals from Arthrospira (Spirulina) and an economic feasibility study[END_REF][START_REF] Amarante Mca De | Analytical grade Cphycocyanin obtained by a single-step purification process[END_REF]. Some authors have also used activated charcoal or chitosan to absorb impurities [START_REF] Pan-Utai | Extraction, purification and antioxidant activity of phycobiliprotein from Arthrospira platensis[END_REF][START_REF] Amarante Mca De | Analytical grade Cphycocyanin obtained by a single-step purification process[END_REF]98]. In another, similar micoralga (Spirulina fusiformis), an aqueous ethacridine lactate (Rivanol) solution has been used for purification [START_REF] Minkova | Purification of C-phycocyanin from Spirulina (Arthrospira) fusiformis[END_REF]. In association with salting out and gel chromatography, a very high protein purity (4.3) was obtained.

All these purification techniques can be used alone or as successive steps, and combinations are generally used, to increase purity. However, such approaches are likely to result in a decrease in recovery yield, albeit one less marked than that observed with ATPE and salting out. In a recent
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