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Abstract:



Cell disruption is an important step during the extraction of C-phycocyanin from Spirulina platensis. An ultrafine shearing method is introduced and combined with soaking and ultrasonication to disrupt the cell walls of S. platensis efficiently and economically. Five kinds of cell disruption method, including soaking, ultrasonication, freezing-thawing, soaking-ultrafine shearing and soaking-ultrafine shearing-ultrasonication were applied to break the cell walls of S. platensis. The effectiveness of cell breaking was evaluated based on the yield of the C-phycocyanin. The results show that the maximum C-phycocyanin yield was 9.02%, achieved by the soaking-ultrafine shearing-ultrasonication method, followed by soaking (8.43%), soaking-ultrafine shearing (8.89%), freezing and thawing (8.34%), and soaking-ultrasonication (8.62%). The soaking-ultrafine shearing-ultrasonication method is a novel technique for breaking the cell walls of S. platensis for the extraction of C-phycocyanin.
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1. Introduction


Spirulina platensis is a blue-green microalgae that has emerged in the market during recent years [1,2]. Its structure is that of a unicellular algae, with a multicellular cylindrical trichome arrangement. S. platensis is rich in bioactive components, including C-phycocyanin (C-PC), chlorophyll, carotenoids and unsaturated fatty acids [3]. S. platensis has a particularly high protein content (55–65% of dry weight) [4], and 20% of the dry weight of the cell protein is C-PC [5,6].



C-PC is an important light-harvesting protein. C-PC contains a variety of essential amino acids. The application of C-PC in biomedical and food research has expanded continuously in recent years. C-PC plays an important role in many therapeutic applications, such as anti-cancer, anti-oxidation and improvement of physiological function [7]. Because of its strong fluorescence, C-PC is often used as a biological probe for component detection in biomedical research.



Producing C-PC from microalgae typically includes its extraction and subsequent purification [8]. Because the cellular shape of S. platensis is cylindrical and spirally curved, and its cell wall is extremely rigid, cell disruption of S. platensis is notoriously difficult. If the cell disruption method is efficient and effective, the yield of C-PC can be improved considerably, and the extraction time can be shortened. Many cell disruption methods (physical, chemical and enzymatic) have been applied to liberating the intracellular materials (lipids or proteins) from S. platensis [9,10]. The chemical cell disruption methods may contaminate downstream products [11]. Physical cell disruption techniques including soaking [12], freezing-thawing [9], bead milling [13], high-pressure homogenization [14,15], ultrasonication [16] and microwaves [17] have previously been evaluated in the literature. Safi et al. [18] evaluated four cell disruption methods, including manual grinding, ultrasonication, chemical treatment and high-pressure homogenization, based on the protein concentration released from five microalgae. Safi et al. [19] investigated and compared the effect of cell disruption methods including ultrasonication, chemical hydrolysis, high-pressure homogenization and bead milling on the diffusion of Chlorella vulgaris proteins and pigments in the aqueous phase. To date, researchers have not applied the ultrafine shearing cell disruption method in the extraction of C-PC.



A novel ultrafine shearing cell disruption method is applied to develop a viable and economical extraction method for large-scale C-PC production. This study carried out five different cell disruption methods (soaking, ultrasonication, freezing-thawing, soaking-ultrafine shearing and soaking-ultrafine shearing-ultrasonication) to disrupt S. platensis cells and extract C-PC. The yields of C-PC from the different cell disruption methods were compared. Finally, S. platensis was confirmed to be the most efficient cell disruption method.




2. Results and Discussion


2.1. Effect of Soaking Time on the Yield of C-PC


Figure 1 shows the influence of the soaking time on the yield of C-PC, with the soaking time ranging from 2 h to 48 h.


Figure 1. Relationship between soaking time and yield of C-PC. Error bars indicate standard deviations of the means (n = 3).
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It can be seen from Figure 1 that, with the increase of the soaking time, the yield of C-PC first increased, and then gradually stabilized. When the soaking time was 24 h, the yield of C-PC reached 8.91%, and when the soaking time was 48 h, the yield of C-PC reached 8.89%, which was close to the stability of the phycocyanin yield. The comprehensive analysis showed that the soaking time range from 1 h to 24 h had a positive effect on the cell disruption of S. platensis, and it had a negligible effect on the yield of C-PC after 24 h of soaking, because protein denaturation had occurred. Considering the cycle time of industrial production, the most suitable soaking time was concluded to be 8–12 h.




2.2. Effect of Ultrafine Shearing Time on the Yield of C-PC


The influence of the ultrafine shearing time on the yield of C-PC is shown in Figure 2.


Figure 2. Relationship between shearing time and yield of C-PC. Error bars indicate standard deviations of the means (n = 3).
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Figure 2 illustrates that, with the increase of the shearing time, the yield of phycocyanin increased; the yield of phycocyanin first increased, and then gradually stabilized. With a longer shearing time, the possibility of disruption of the cells of S. platensis is higher. When the shearing time was 8 min, the yield of phycocyanin reached a maximum of 7.37%. The suspended cells may have been disrupted in the shearing zones by shear forces with energy transfer from blades to the cells. The protein leaked from the disrupted cells under the shearing force. After 8 min, the curve appeared to slightly decrease. This may be due to the heat generated by the mechanical power leading to a small part of the protein being damaged. It can be seen that the ultrafine shearing time has a positive effect on the wall-breaking of algal blue cells, and the lowest yield value of 5.84% was obtained when the ultrafine shearing time was 1 min. However, after only 6–8 min of shearing operation, the yield had increased to 7.37%. The yield increase was relatively large in a short few minutes. In summary, the ultrafine shearing method is an efficient method for cell disruption, and it has definite potential value in industrial production.




2.3. Effect of Ultrasonication Time on the Yield of C-PC


As mentioned earlier, maceration of dried powder for 4 h resulted in a C-PC yield of 5.74%. Ultrasonication can cause cavitation between solvent and samples and can disrupt the cell wall [20]. During extraction of phycobiliproteins from macroalgae, Mittal, Tavanandi, Mantri and Raghavarao [21] confirmed that ‘maceration + ultrasonication’ resulted in higher extraction efficiency compared to maceration alone or ultrasonication alone. The sample was soaked for 4 h, and then treated by ultrasonication for different times. The influence of the ultrasonication time on the yield of C-PC is shown in Figure 3. Ultrasounds enhance mass transport by disrupting cell walls [22]. The greater the ultrasonic energy applied, the more the cavitation effect is happened; and thus, the greater the volume of C-phycocyanin that can be extracted from Spirulina platensis.


Figure 3. Relationship between ultrasonication time and yield of C-PC. Error bars indicate standard deviations of the means (n = 3).
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From Figure 3, the effect of the ultrasonication time on the yield of C-PC can be observed. When the sample was treated without the cooling condition, the yield of C-PC reached 7.14% with an ultrasonication time of 2 min. When the curve reached the maximum point (8 min ultrasonication time), the yield was 7.97%; then, the yield decreased sharply. The main reason for the change is probably the high temperature generated by the ultrasound, which results in damage to the dissociated protein. Ultrasonic disruption can generate considerable heat with longer ultrasonication times [23]. An ultrasonication time that is too long will result in the temperature of the testing sample reaching over 35 °C, which is not desirable for C-PC. After 8 min of ultrasonication time, the heat produced by ultrasound becomes the main influencing factor, and the curve drops sharply.



The second case is when the sample was cooled by ice water during ultrasonication. Under this condition, the yield of C-PC reached 8.04%, and then became constant. A longer ultrasonication time does not always result in a desirable cell disruption [24]. In summary, the ultrasonication method can disrupt the cell wall, but the heat generated during the ultrasonication process has great influence on the yield of phycocyanin. Hence, the ultrasonication time should be controlled to within a certain range to avoid overheating.




2.4. Effect of Cycles of Freezing-Thawing on the Yield of C-PC


The freezing-thawing method is predominantly applied in the laboratory-scale extraction of C-PC. Generally, the cell suspension is frozen (at −20 °C) and thawed (at 25 °C) repeatedly, four or five times [25,26]. The influence of the cycles of freezing-thawing on the yield of phycocyanin is shown in Figure 4.


Figure 4. Relationship between freezing-thawing cycles and yield of C-PC. Error bars indicate standard deviations of the means (n = 3).
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In Figure 4, the yield of phycocyanin continuously increases with the increase of freezing-thawing cycles when the cycle number is below 4. After four cycles of freezing and thawing, the effect of cell wall rupture was the best, and the yield of C-PC reached 8.26%. It can be seen from the curve that, with freezing and thawing for 1–3 times, there is little change in C-PC extraction. When freezing and thawing for four cycles, the yield of phycocyanin increased significantly. Wang, Liu, Ma, Cui and Shao [26] conducted cell disruption of S. platensis by freezing-thawing repeatedly for four cycles, obtaining a concentration of C-PC of 0.46 mg/mL. When freezing and thawing for five cycles, the yield of phycocyanin decreased slightly. This may be due to repeated and rapid temperature changes, leading to protein denaturation. The freezing and thawing method of disruption of the Spirulina cell wall requires an ultra-low-temperature environment, so this method is heavily energy-consuming in large-scale industrial production.




2.5. Effect of Soaking Time and Ultrafine Shearing Time on the Yield of C-PC


The influence of the soaking time and ultrafine shearing time on the yield of phycocyanin is shown in Figure 5.


Figure 5. Relationship of soaking time and ultrafine shearing time on yield of C-PC. Error bars indicate standard deviations of the means (n = 3).
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In Figure 5, under the same shearing time, when the soaking time was increased from 0 h to 12 h, the yield of phycocyanin increased. In addition, when the soaking time and ultrafine shearing time were fixed at 8 h and 8 min, respectively, the yield of phycocyanin reached 8.89%, which was close to the yield of 9.2% achieved with soaking times of 12 h and 24 h. With soaking times of 12 h or 24 h, the yield of phycocyanin was not improved with different shearing times. After 12 h of soaking, the phycocyanin in the Spirulina has been sufficiently released. Based on the above analysis, the ultrafine shearing method is able to greatly shorten the soaking time to 4 hours, thereby reducing the extraction time. This has practical significance for industrial production.




2.6. The Combined Effect of the Soaking Method, Ultrafine Shearing Method and Ultrasonication Method on the Yield of C-PC


The influence of the soaking-ultrafine shearing-ultrasonication method on the yield of phycocyanin is shown in Figure 6.


Figure 6. Relationship of soaking time and yield of C-PC based on the method of soaking-ultrafine shearing-ultrasonication. Error bars indicate standard deviations of the means (n = 3).
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From Figure 6, it can be seen that the yield of phycocyanin increases gradually with soaking time in the case of both the soaking method alone and the soaking-ultrafine shearing-ultrasonication method. For the soaking method alone, the yield of C-PC was 8.43%, 8.69% and 8.91% for soaking times of 8 h, 12 h and 24 h, respectively. For the soaking-ultrafine shearing-ultrasonication method, the yield of C-PC was 8.11%, 9.02% and 9.07% for soaking times of 8 h, 12 h and 24 h, respectively, when the shearing time was fixed at 8 min and the ultrasonication time was fixed at 10 min. According to the above analysis, it can be concluded that the effect of the soaking-ultrafine shearing-ultrasonication method on Spirulina cell disruption is better under the current experimental conditions.




2.7. The Combined Effect of the Soaking Method, Ultrafine Shearing Method and Ultrasonication Method on the Yield of C-PC


The comparison of the different cell disruption methods on the yield of phycocyanin is shown in Figure 7.


Figure 7. Comparison of the different cell disruption methods. Error bars indicate standard deviations of the means (n = 3): (a) the yield of C-PC; (b) the extraction time.
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In Figure 7a, A represents the soaking method, B represents the soaking-ultrafine shearing method, C represents the soaking-ultrafine shearing-ultrasonication method, D represents the freezing-thawing method and E represents the ultrasonication method. With the soaking time at 8 h, the shearing time at 10 min and the ultrasonication time at 10 min, the yield of C-PC was 8.43%, 8.89%, 9.02%, 8.34%, and 8.62% by using the soaking, soaking-ultrafine shearing, soaking-ultrafine shearing-ultrasonication, freezing-thawing (4 cycles) and ultrasonication methods, respectively. The energy consumption levels for methods A, B, C, D, E and F were 0 W, 40.92 W, 60.4 W, 233 W and 19.48 W, respectively. Figure 7a demonstrates that the yield of C-PC is highest when using the soaking-ultrafine shearing-ultrasonication method. Compared with the soaking method, the ultrasonication method was able to improve the yield of C-PC under the conditions of 8 h of soaking time and 10 min of ultrasonication time. Meanwhile, under the conditions of 8 h of soaking time and 10 min of ultrafine shearing time, the yield of the C-PC was able to be improved significantly. It can also be seen from Figure 7a that the yield of C-PC obtained by the freezing-thawing method was 8.34%, which is relatively high, but this method consumes a great deal of time and energy. There were significant differences (p < 0.0001) in the yield of C-PC among the five cell disruption methods. Meanwhile, the yield of C-PC was statistically significant (p < 0.0001) between the soaking-ultrafine shearing method and the soaking-ultrafine shearing-ultrasonication method. In Figure 7b, the extraction time under the five different treatment method was compared. The freezing-thawing method needs the longest extraction time of the five methods. For the other four extraction methods, the extraction time was similar.



Scanning electron micrographs of six samples are shown in Figure 8. Figure 8a exhibits the intact cellular wall before treatment. In this case, the initial cell structure of S. platensis shows the cell walls are smooth and intact. Figure 8b shows that the cell wall of S. platensis was partially ruptured after the soaking treatment. The ruptured condition of the cellular wall and membranes can be observed in Figure 8c. From Figure 8c, we can observe that soaking-ultrafine shearing treatment had a better effect than soaking on the rupture of cellular tissue. Figure 8d shows the microstructure of ruptured tissue after treatment by soaking-ultrafine shearing-ultrasonication. From Figure 8d, it can be seen that the cell structures were disrupted thoroughly, and C-phycocyanin can be thoroughly extracted using the soaking-ultrafine shearing-ultrasonication method. Figure 8e shows the microstructure of ruptured tissue after treatment by freezing-thawing method. Figure 8f shows the microstructure of ruptured tissue after treatment by ultrasonication method. In Figure 8f, it can be clearly observed that high deformation occurred in the cell wall, this result confirms the high yield achieved with this mechanical disruption technique.


Figure 8. Scanning electron micrographs of cell surfaces: (a) Cells before treatment; (b) cells with soaking treatment; (c) cells with soaking-ultrafine shearing treatment; (d) cells with soaking-ultrafine shearing-ultrasonication treatment; (e) cell with freezing-thawing treatment; (f) cell with ultrasonication treatment.
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In a word, the effect of the soaking-ultrafine shearing-ultrasonication method on the disruption of Spirulina cells is more obvious. The soaking-ultrafine shearing-ultrasonication is now being applied for the first time in the industrial-scale extraction process of C-PC from Spirulina platensis in the Dongtai City Spirulina Bio-engineering Co., Ltd. (Dongtai City, Jiangsu, China), where it facilitates and promotes extraction efficiency and saves energy consumption.





3. Materials and Methods


3.1. Materials


Dried S. platensis powder was supplied by Heyi Biotechnology Co., Ltd. (Xi’an, China). Ammonium sulphate (analytical grade) was produced by Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China). Potassium dihydrogen phosphate (analytical grade), hydrochloric acid (analytical grade), etc. were supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Deionized water was supplied by Logistic Division, Jiangnan University (Jiangsu, China).



The powder was weighed by an analytical balance (±0.1 mg) (AR 1140, Ohaus, Parsippany, NJ, USA). The testing sample was prepared by mixing a certain weight of S. platensis powder with a volume of phosphate buffer (pH 6.5). The solvent-to-solid ratio was equal to 20 mL/g. The mixture was stored at 4 °C in a Bunsen beaker for further cell disruption. After the extraction, the solution of the resulting extract was transferred to a centrifuge tube for centrifugation at 15,000 rpm for 15 min by a high-speed centrifuge (TGL-16C, Anting Scientific Instrument Company, Shanghai, China) to remove cell debris. After centrifugation, the supernatants were collected and stored at 4 °C for further analysis.




3.2. Methods


3.2.1. Concentration and Yield of C-PC


The concentration of C-PC was calculated according to the method described by Bennett and Bogorad [27]:


Pc = (A620 − 0.474A652)/5.34,



(1)







The yield of C-PC was calculated as follows:


Y(%) = (Pc × V × n)/(DB × 1000) × 100%,



(2)




where Pc (mg/mL) is the concentration of C-PC, Y is the yield of C-PC, A620 is the absorbance of the sample at a wavelength of 620 nm, A652 is the absorbance of the sample at a wavelength of 652 nm, V (mL) is the volume of the crude phycocyanin extract, n is the dilution factor and DB (g) is the dry weight of S. platensis powder.




3.2.2. Soaking


Six parts of the test samples were soaked in the phosphate buffer (pH 6.5) for 2, 4, 8, 12, 24 and 48 h in an electrothermal constant temperature water tank (model: DK-80, Sanfa Scientific Instrument Co., Ltd., Shanghai, China). Each solution was centrifuged (15 min, 15,000 rpm) by using a high-speed centrifuge (model: TGL-16C, Anting Scientific Instrument Factory, Shanghai, China). After centrifugation, we took the supernatant and added a volume of 20% ammonium sulphate aqueous solution for salting-out. The precipitate was removed via centrifugation of the salting-out aqueous solution and dissolved in phosphate buffer aqueous solution to obtain the final phycocyanin aqueous solution. The absorbance of the C-PC was measured by an ultraviolet spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) at room temperature, and then the concentration and yield of the C-PC were calculated according to Equation (1).




3.2.3. Ultrasonication


After 4 h of soaking at low temperature (at 4 °C), the soaking solution was divided into 6 aliquots and treated with an ultrasonic cell grinder (model: JY99-IIDN, New Chi Technology Co., Ltd., Ningbo, China) for 2, 4, 6, 8, 10 and 12 min. The ultrasonic cell grinder had a working power fixed at 90 W. Because the overheating produced by ultrasonic treatment may cause protein denaturation, the sample baker was placed in ice water to absorb the ultrasonication heat during treatment. Meanwhile, the ultrasonic cell grinder was operated with an intermittent working mode (2 s on, 5 s off).




3.2.4. Freezing-Thawing


The freezing-thawing method consists of freezing and thawing of Spirulina solution repeatedly. Because of its mild conditions for cell disruption, the protein is not easily damaged. When frozen, small ice particles form in the cell. Pressure on the cell wall is exerted by freezing the intracellular fluids, as well as the extraction buffer. Then, the cracked cells absorb water and burst, releasing protein into the extraction buffer.



The test sample was frozen at −20 °C for 4 h. The frozen solution was removed and subjected to a 25 °C water bath treatment for 20 min. One fifth of the solution was centrifuged (15 min, 15,000 rpm) and the remaining solution was subjected to freezing-thawing for a total of 6 cycles. The suspension was subjected to centrifugation, and the supernatant was collected for further analysis.




3.2.5. Soaking-Ultrafine Shearing


Five parts of the test samples were subjected to soaking for 0, 4, 8, 12 and 24 h. Each solution was divided into 7 equal portions, and the aliquots were treated with an ultrafine food shearing machine for 2, 3, 4, 6, 8, 10 and 12 min.




3.2.6. Soaking-Ultrafine Shearing-Ultrasonication


After 2, 4, 8, 12, 24 and 48 h of soaking, each solution was extracted, and the aliquots were treated with an ultrafine food shearing machine for 10 min. The shearing solution was treated with an ultrasonic cell grinder for 10 min and then centrifuged at 15,000 rpm for 15 min. Last, the supernatant was extracted.




3.2.7. Scanning Electron Micrograph (SEM) Analysis


Six types of sample were prepared for a better visualization of the degree of internal cell disruption. One was initial powder that had not been treated by any extraction method, and the other five samples were treated by soaking, soaking-ultrafine shearing, soaking-ultrafine shearing-ultrasonication, freezing-thawing and ultrasonication, respectively.



Finally, a scanning electron microscope (Quanta-200, FEI Company, Hillsboro, OR, USA) with an accelerating voltage of 50 kV was applied for observing the microscopic changes of the cell surfaces.




3.2.8. Statistical Analysis


One-way ANOVA was used to examine the effect of cell disruption of the five methods. Moreover, the post hoc test (by one-way ANOVA) was executed to distinguish the differences in the soaking-ultrafine shearing method and the soaking-ultrafine shearing-ultrasonication method. The significance level (a) was set to 0.05. All data processing, data management, and statistical analysis was performed using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA). All the experiments were performed with 3 replicates.






4. Conclusions


The ultrafine shearing method is first applied for the cell disruption of S. platensis. The ultrafine shearing method combined with soaking and ultrasonication can shorten the extraction time and obtain a higher yield of C-PC compared to the conventional soaking method. Under the conditions of a soaking time of 8 h, a shearing time of 10 min, and an ultrasonication time of 10 min, the yield of phycocyanin reached 9.02%. As a novel type of cell disruption technology, the soaking-ultrafine shearing-ultrasonication method has the potential to be applied in the large-scale extraction of C-PC from S. platensis. The findings of this research provide a valuable means for saving time and energy in the extraction of C-PC.







Acknowledgments


This study was financially supported by the sponsorship of the Fundamental Research Funds for the Central Universities of China [grant number: JUSRP51634B] and the Fund of Jiangsu Key Laboratory of Advanced Food Manufacturing Equipment and Technology [grant number: FM-201509].




Conflicts of Interest


The authors have declared no conflict of interest.




References


	1. 
Gupta, M.; Dwivedi, U.N.; Khandelwal, S. C-Phycocyanin: An effective protective agent against thymic atrophy by tributyltin. Toxicol. Lett. 2011, 204, 2–11. [Google Scholar] [CrossRef] [PubMed]

	2. 
Setyoningrum, T.M.; Nur, M.M.A. Optimization of C-phycocyanin production from S. platensis cultivated on mixotrophic condition by using response surface methodology. Biocatal. Agric. Biotechnol. 2015, 4, 603–607. [Google Scholar] [CrossRef]

	3. 
Ismaiel, M.M.S.; El-Ayouty, Y.M.; Piercey-Normore, M. Role of pH on antioxidants production by Spirulina (Arthrospira) platensis. Braz. J. Microbiol. 2016, 47, 298–304. [Google Scholar] [CrossRef] [PubMed]

	4. 
Mishra, S.K.; Shrivastav, A.; Mishra, S. Effect of preservatives for food grade C-PC from Spirulina platensis. Process Biochem. 2008, 43, 339–345. [Google Scholar] [CrossRef]

	5. 
Antelo, F.S.; Costa, J.A.V.; Kalil, S.J. Thermal degradation kinetics of the phycocyanin from Spirulina platensis. Biochem. Eng. J. 2008, 41, 43–47. [Google Scholar] [CrossRef]

	6. 
Chaiklahan, R.; Chirasuwan, N.; Loha, V.; Tia, S.; Bunnag, B. Separation and purification of phycocyanin from Spirulina sp. using a membrane process. Bioresour. Technol. 2011, 102, 7159–7164. [Google Scholar] [CrossRef] [PubMed]

	7. 
Patil, G.; Raghavarao, K.S.M.S. Aqueous two phase extraction for purification of C-phycocyanin. Biochem. Eng. J. 2007, 34, 156–164. [Google Scholar] [CrossRef]

	8. 
Martínez, J.M.; Luengo, E.; Saldaña, G.; Álvarez, I.; Raso, J. C-phycocyanin extraction assisted by pulsed electric field from Artrosphira platensis. Food Res. Int. 2017, 99, 1042–1047. [Google Scholar] [CrossRef] [PubMed]

	9. 
Niu, J.F.; Wang, G.C.; Lin, X.Z.; Zhou, B.C. Large-scale recovery of C-phycocyanin from Spirulina platensis using expanded bed adsorption chromatography. J. Chromatogr. B 2007, 850, 267–276. [Google Scholar] [CrossRef] [PubMed]

	10. 
Pohndorf, R.S.; Camara, Á.S.; Larrosa, A.P.Q.; Pinheiro, C.P.; Strieder, M.M.; Pinto, L.A.A. Production of lipids from microalgae Spirulina sp.: Influence of drying, cell disruption and extraction methods. Biomass Bioenergy 2016, 93, 25–32. [Google Scholar] [CrossRef]

	11. 
Passos, F.; Uggetti, E.; Carrère, H.; Ferrer, I. Pretreatment of microalgae to improve biogas production: A review. Bioresour. Technol. 2014, 172, 403–412. [Google Scholar] [CrossRef] [PubMed]

	12. 
Martelli, G.; Folli, C.; Visai, L.; Daglia, M.; Ferrari, D. Thermal stability improvement of blue colorant C-Phycocyanin from Spirulina platensis for food industry applications. Process Biochem. 2014, 49, 154–159. [Google Scholar] [CrossRef]

	13. 
Tan, C.H.; Show, P.L.; Chang, J.S.; Ling, T.C.; Lan, J.C.W. Novel approaches of producing bioenergies from microalgae: A recent review. Biotechnol. Adv. 2015, 33, 1219–1227. [Google Scholar] [CrossRef] [PubMed]

	14. 
Brennan, L.; Owende, P. Biofuels from microalgae—A review of technologies for production, processing, and extractions of biofuels and co-products. Renew. Sustain. Energy Rev. 2010, 14, 557–577. [Google Scholar] [CrossRef]

	15. 
Preece, K.E.; Hooshyar, N.; Krijgsman, A.J.; Fryer, P.J.; Zuidam, N.J. Intensification of protein extraction from soybean processing materials using hydrodynamic cavitation. Innov. Food Sci. Emerg. Technol. 2017, 41, 47–55. [Google Scholar] [CrossRef]

	16. 
Gerde, J.A.; Wang, T.; Yao, L.; Jung, S.; Johnson, L.A.; Lamsal, B. Optimizing protein isolation from defatted and non-defatted Nannochloropsis microalgae biomass. Algal Res. 2013, 2, 145–153. [Google Scholar] [CrossRef]

	17. 
Biller, P.; Friedman, C.; Ross, A.B. Hydrothermal microwave processing of microalgae as a pre-treatment and extraction technique for bio-fuels and bio-products. Bioresour. Technol. 2013, 136, 188–195. [Google Scholar] [CrossRef] [PubMed]

	18. 
Safi, C.; Ursu, A.V.; Laroche, C.; Zebib, B.; Merah, O.; Pontalier, P.Y.; Vaca-Garcia, C. Aqueous extraction of proteins from microalgae: Effect of different cell disruption methods. Algal Res. 2014, 3, 61–65. [Google Scholar] [CrossRef]

	19. 
Safi, C.; Frances, C.; Ursu, A.V.; Laroche, C.; Pouzet, C.; Vaca-Garcia, C.; Pontalier, P.Y. Understanding the effect of cell disruption methods on the diffusion of Chlorella vulgaris proteins and pigments in the aqueous phase. Algal Res. 2015, 8, 61–68. [Google Scholar] [CrossRef]

	20. 
Chen, F.; Zhang, X.; Zhang, Q.; Du, X.; Yang, L.; Zu, Y.; Yang, F. Simultaneous synergistic microwave–ultrasonic extraction and hydrolysis for preparation of trans-resveratrol in tree peony seed oil-extracted residues using imidazolium-based ionic liquid. Ind. Crop. Prod. 2016, 94, 266–280. [Google Scholar] [CrossRef]

	21. 
Mittal, R.; Tavanandi, H.A.; Mantri, V.A.; Raghavarao, K.S.M.S. Ultrasound assisted methods for enhanced extraction of phycobiliproteins from marine macro-algae, Gelidium pusillum (Rhodophyta). Ultrason. Sonochem. 2017, 38, 92–103. [Google Scholar] [CrossRef] [PubMed]

	22. 
Chemat, F.; Rombaut, N.; Meullemiestre, A.; Turk, M.; Perino, S.; Fabiano-Tixier, A.; Abert-Vian, M. Review of green food processing techniques. Preservation, transformation, and extraction. Innov. Food Sci. Emerg. Technol. 2017, 41, 357–377. [Google Scholar] [CrossRef]

	23. 
Show, K.Y.; Lee, D.J.; Tay, J.H.; Lee, T.M.; Chang, J.S. Microalgal drying and cell disruption—Recent advances. Bioresour. Technol. 2015, 184, 258–266. [Google Scholar] [CrossRef] [PubMed]

	24. 
Wang, M.; Yuan, W. Microalgal cell disruption in a high-power ultrasonic flow system. Bioresour. Technol. 2015, 193, 171–177. [Google Scholar] [CrossRef] [PubMed]

	25. 
Liu, Y.; Feng, Y.; Lun, J. Aqueous two-phase countercurrent distribution for the separation of C-phycocyanin and allophycocyanin from Spirulina platensis. Food Bioprod. Process. 2012, 90, 111–117. [Google Scholar] [CrossRef]

	26. 
Wang, F.; Liu, Y.H.; Ma, Y.; Cui, Z.G.; Shao, L.L. Application of TMA-PEG to promote C-phycocyanin extraction from S. platensis in the PEG ATPS. Process Biochem. 2017, 52, 283–294. [Google Scholar] [CrossRef]

	27. 
Bennett, A.; Bogorad, L. Complementary chromatic adaptation in a filamentous blue-green alga. J. Cell Biol. 1973, 58, 419–435. [Google Scholar] [CrossRef] [PubMed]






	
Sample Availability: Samples are available from the authors.

























© 2017 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  molecules-22-02023


  
    		
      molecules-22-02023
    


  




  





media/file8.jpg
Yield (%)

—m— soaked (Oh)
o soaked (4h)
4r 4 soaked (8h)
—&— soaked (12h)
—— soaked (24h)

2 1 I L L L 1
2 4 6 8 10 12

Shearing time (min)





media/file11.png
H-EH

—A— goaking-ultrafine shearing-ultrasonication method
—um— Soaking method

0 10 20 30 40

Soaking time (h)

50





media/file6.jpg
10

Yield (%)
e

IS

2 3 4
Freezing-thawing cycles

5






media/file1.png
HIH

/

10 20 30 40
Soaking time (h)

50





media/file13.png
QR
esss
XXX X XXX

% <
| | | | |
S S S S S S S
S - - S S S
(@ S 0 \O <r (@\
— —
(urwr) Qur,

Vg

LEREREEEEKAEEEL
KRN
SRS 0%

(%) PISIA





media/file10.jpg
o

Yield (%)

e

|
3

4 soaking-ultrafine shearing-ultrasonication method
—m— Soaking method

10 20 30 40
Soaking time (h)

50





media/file7.png
e

-

.

2 3 4
Freezing-thawing cycles

5






media/file12.jpg
0

0

0

-

El

(o) ouny

30

s34

s02

543

10






media/file9.png
o o —— S

e
I g:g:;:%:%jg/i

—m— soaked (Oh)
—eo— soaked (4h)
0 —4— soaked (8h)
—&—soaked (12h)
—*— soaked (24h)

2 4 6 8 10 12
Shearing time (min)






media/file14.jpg





media/file5.png
10

—a— cooled by ice water
—e— 10 cooling

%2/7§7i .
é\.
2 4 6 8 10 12

Ultrasonic time (min)





media/file15.png





media/file3.png
Yield (%)

) 4 6 8 10
Shearing time (min)





media/file4.jpg
10

cooled by ice water
no cooling

R —

o

L L L L L L

0 2 4 6 8 10 12

Ultrasonic time (min)

14





media/file0.jpg
10

L s L

0 10 20 30

Soaking time (h)

40

50





media/file2.jpg
Yield (%)

10

4 6 8
Shearing time (min)

10

12





