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The ever-expanding human population puts tremendous pressure on global food security. With climate change threats lowering crop productivity and food nutritional quality, it is important to search for alternative and sustainable food sources. Microalgae are a promising carbon-neutral biomass with fast growth rate and do not compete with terrestrial crops for land use. More so, microalgae synthesize exclusive marine carotenoids shown to not only exert antioxidant activities but also anti-cancer properties. Unfortunately, the conventional method for fucoxanthin extraction is mainly based on solvent extraction, which is cheap but less environmentally friendly. With the emergence of greener extraction techniques, the extraction of fucoxanthin could adopt these strategies aligned to UN Sustainable Development Goals (SDGs). This is a timely review with a focus on existing fucoxanthin extraction processes, complemented with future outlook on the potential and limitations in alternative fucoxanthin extraction technologies. This review will serve as an important guide to the sustainable and environmentally friendly extraction of fucoxanthin and other carotenoids including but not limited to astaxanthin, lutein or zeaxanthin. This is aligned to the SDGs wherein it is envisaged that this review becomes an antecedent to further research work in extract standardization with the goal of meeting quality control and quality assurance benchmarks for future commercialization purposes.
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THE NEED FOR MICROALGAE TO MEET SUSTAINABLE DEVELOPMENT GOALS

A rich biodiversity at the hierarchical levels of ecosystem, species, and genetics (Mace et al., 2012) is the key to sustainable development of humanity (Toledo and Burlingame, 2006). Microalgae represent untapped resources with its biodiversity ranging from 200,000 species to several million species (Norton et al., 1996), as compared to only about 250,000 species in higher plants (Pulz and Gross, 2004). Microalgae provide crucial ecosystem services under their roles in provision (as raw materials for consumption and use), support (as primary producers in aquatic ecosystems), regulation (supplying more than 80% of world oxygen), and food culture (e.g., spirulina was a food source for the Aztecs until the 16th century). The rich taxonomic diversity of microalgae is attractive not only for bioprospecting but also to produce valuable and diverse bioactive compounds such as carotenoids, proteins, enzymes, polyunsaturated fatty acids (PUFAs), lipids, or exopolysaccharides (EPS). Microalgae are photosynthetic and can be found in extreme ecosystems including polar regions, hot springs, deserts, ocean, and micro-aerobic environments. The versatility of microalgae makes them very promising candidates as crops for the future. Combining the latest cultivation and harvesting technologies for improvements in resource efficiency, microalgae could be a new impetus to the current lag in global economic growth.

Sustainable development goals (SDGs; 2015–2030), an extension of millennium development goals (MDGs; 2000–2015), were adopted by all United Nations Member States as a universal call to action for poverty eradication, global prosperity and, protection of the environment (Sachs, 2012). Microalgae, as a carbon-neutral resource, have directly contributed to three out of the eight MDGs (i.e., reducing poverty and hunger, promoting environmental sustainability, and developing global partnerships). Further to this, the application of microalgae in biotechnological platforms could contribute to sixteen out of the seventeen SDGs, detailed in Table 1.


TABLE 1. Summary of the roles of microalgae in achieving SDGs.
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THE POTENTIAL OF FUCOXANTHIN


Introduction to Fucoxanthin: Structure and Function

Fucoxanthin is a xanthophyll with an unusual epoxide group, allenic bond and, conjugated carbonyl group on the polyene molecule that sets it apart from the other carotenoids (Peng et al., 2011). The major structure responsible for the antioxidant and light-harvesting properties in carotenoids is the conjugated double-bond system in the chromophore (Figure 1). Carotenoids in microalgae are efficient scavengers for singlet molecular oxygen (1O2) and peroxyl radicals (ROO) (Stahl and Sies, 2012). In radical scavenging, carotenoids act as a radical trap and add electrons to their conjugated double-bond, yielding a ground-state oxygen and a triplet-state carotenoid. Subsequently, the excited carotenoid structure dissipates the excess energy to the surrounding environment by returning to its ground state (Takashima et al., 2012).


[image: image]

FIGURE 1. The 2D structure image of CID 5281239 (fucoxanthin). Source: https://pubchem.ncbi.nlm.nih.gov/compound/5281239#section=2D-Structure.


The antioxidant activities of fucoxanthin have been well characterized in the past. Fucoxanthin demonstrated proton-donative activities in the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay (Nomura et al., 1997). Moreover, fucoxanthin and its metabolites (fucoxanthinol and halocynthiaxanthin) exhibited radical scavenging activity and singlet oxygen quenching activity (Sachindra et al., 2007). Similarly, research in the last few years showed that fucoxanthin not only could scavenging radicals but also was effective in chelating iron (Foo et al., 2015b) and slowing down the bleaching of β-carotene in linoleic acid emulsion systems (Foo et al., 2015a).



Fucoxanthin Sources

Unlike β-carotene and lutein that are found ubiquitously in terrestrial crops, fucoxanthin is obtained exclusively from the aquatic environment. Fucoxanthin is the signature pigment markers for macroalgae and microalgae species listed in Table 2. This includes Phaeophyceae (e.g., Laminaria japonica, Sargassum fulvellum, Undaria pinnatifida), Bacillariophyceae (e.g., Odontella aurita, Chaetoceros sp., Phaeodactylum tricornutum, Cylindrotheca closterium), Prymnesiophyceae (e.g., Isochrysis galbana, Pavlova lutheri), Chrysophycea (e.g., Pelagococcus subviridis), Raphidophyceae (e.g., Psammamonas australis) and Dinophyceae (e.g., Kryptoperidinium foliaceum) (Wright and Jeffrey, 1987; Stauber and Jeffrey, 1988; Bjornland and Liaeen-Jensen, 1989; Grant et al., 2013). The annual production of microalgae biomass in 2000–2004 was at 5000–10000 tons (Van Harmelen and Oonk, 2006). Due to increasing market demand, this number has almost doubled to 20000 tons (Tredici et al., 2016) in the last 10 years or so. Whilst in 2003, the world production of macroalgae or seaweed reached 8 million tons and was valued at US$ 5.5–6 billion (McHugh, 2003). A report by Roesijadi et al. (2010) showed global monetary value of seaweeds to have reached over US$ 7 billion and was projected to continue with increasing human population growth. From here, microalgae and macroalgae biomass are the prospective and sustainable feedstock of the future.


TABLE 2. Fucoxanthin in microalgae and macroalgae.

[image: Table 2]There has been an increasing number of scientific reports showing the potential of fucoxanthin to improve the nutritional quality of food, which in turn benefits the health and well-being of consumers. This shows great opportunities for fucoxanthin from both microalgae and macroalgae to be commercialized and made available on food shelves. Intriguingly, the ultimate nutraceutical sources are mainly derived from producers at the beginning of the food chain (Shahidi and Alasalvar, 2010). By careful control of nutrients, a wide spectrum of biochemicals can be synthesized by algae and be used as safe and value-adding ingredients in food and nutraceutical sectors. Not only can algae act as suitable nutrition cell factories to meet food demand, but they could also be a healthy, halal and clean plant source for vegetarians and vegans. It would thus be encouraging to make fucoxanthin more accessible to consumers.



Fucoxanthin Applications

In the last decade, fucoxanthin has found applications as nutraceuticals and more recently in nutricosmetics. Fucoxanthin is classified as a type of nutraceutical because it exerts therapeutic effects (e.g., anti-inflammatory, anti-obesity, anti-diabetic, and anti-cancer) as presented in Table 3. Fucoxanthin can be incorporated into conventional food (e.g., milk, rice, bread, and pasta) as a bioactive ingredient to increase the nutritional value and enhance the sensory qualities (Prabhasankar et al., 2009; Abu-Ghannam and Shannon, 2017). Besides that, fucoxanthin has found application in nutricosmetics as anti-obesity pills or “oral cosmetics” (Agatonovic-Kustrin and Morton, 2013; Couteau and Coiffard, 2016). Fucoxanthin is a good ingredient of nutricosmetics because it has demonstrated slimming effects by inhibiting fat absorption (Muradian et al., 2015).


TABLE 3. Therapeutic effect and toxicity studies of fucoxanthin.

[image: Table 3]In the present market, microalgae cosmetic products from carotenoids are mainly extracted from the chlorophycean, Nannochloropsis oculata (Shen et al., 2011). As microalgae are considered “superfoods,” they are composed of amino acids, essential fatty acids, vitamins, key minerals, trace elements, antioxidants, electrolytes, nucleic acids and, enzymes that play important roles in cellular regeneration. Urikura et al. (2011) demonstrated the protective effects of fucoxanthin against UVB-induced skin photoaging as evidenced in hairless mice. Compounds responsible for such activity included phlorotannins, polysaccharides, carotenoid pigments (fucoxanthin), and fucosterol in brown algae (Kim, 2011). With more focus on natural carotenoids, there is a huge market of opportunity for the incorporation of these bioactive ingredients to replace synthetic colorings in food and nutricosmetics.



FUCOXANTHIN EXTRACTION PROCESSES

The isolation of fucoxanthin from microalgae feedstock can be attained by various extraction methods. The selection of extraction techniques is driven by the cost of operation, the complexity of feedstock, demand for the quality and the yield of final bioproducts. For example, to commercialize fucoxanthin in the fields of pharmaceutical, cosmetics, food or analytical testing, the bioactivity and purity of fucoxanthin must be well preserved. The characteristics of microalgae biomass possess a challenge to the extraction of fucoxanthin (Abu-Ghannam and Shannon, 2017) and one of them is the type of cell wall (e.g., cellulosic or siliceous). Hence, the extraction parameters influencing the performance of extraction need to be identified and optimized for maximizing the product yield while minimizing the operation time, chemical consumption, utility cost and waste generation. In the past, fucoxanthin extraction from microalgae feedstock was achieved by organic-solvent-based extraction with the aid of maceration or Soxhlet extraction. To date, alternative extraction techniques have been adopted as an environmentally friendly route to extract fucoxanthin. In the following sections, the conventional and alternative methods for extraction of fucoxanthin were reviewed and compared in the aspects of working principle, extraction performance, strength, and weakness of the method.


Conventional Solvent Extraction Methods for Fucoxanthin

The common techniques for extraction of carotenoids include maceration (soaking or direct organic-solvent extraction), Soxhlet extraction, or steam/hydro distillation (Kadam et al., 2013; Khoo et al., 2019). In general, the selection of organic solvent and the operation cost must be taken into consideration (Zarekarizi et al., 2019) when treating different types of macroalgae or microalgae for carotenoid extraction (Table 4). In addition, the operation involving organic solvents must be handled with care because of the highly volatile and flammable characteristics of these solvents. Examples of organic solvents used in the solvent extraction of fucoxanthin are acetone, methanol, ethanol, n-hexane, dimethyl sulfoxide, dichloromethane, tetrahydrofuran and ethyl acetate. The properties of solvent systems, including dielectric constant and polarity index, affect the extraction yield of carotenoids. Fucoxanthin can be dissolved in mid-polar solvent systems because of the semi-polar characteristic of fucoxanthin and the oxygen molecule in the fucoxanthin structure, but water was found to be ineffective in solubilizing fucoxanthin (Aslanbay Guler et al., 2020). Although acetone was commonly used in the direct solvent extraction of fucoxanthin (Abu-Ghannam and Shannon, 2017), the yield of extraction was typically lesser than that by ethanol due to the lack of hydroxyl functional group for better hydrophilic interaction. Tetrahydrofuran was found to be less efficient in extracting fucoxanthin because it generates peroxides that degrade fucoxanthin (Aslanbay Guler et al., 2020). A previous study showed that the ethanolic extraction of fucoxanthin from diatom P. tricornutum yielded 15.71 mg/g dried weight (Kim et al., 2012). Similarly, a recent study found that the extraction of fucoxanthin from P. tricornutum was governed by the type of solvent used; the selectivity of solvent for fucoxanthin was in the descending order of d-limonene > ethyl acetate > ethyl lactate > ethanol (del Pilar Sánchez-Camargo et al., 2017).


TABLE 4. Conventional extraction methods and fucoxanthin yield from microalgae and macroalgae.

[image: Table 4]Moreover, the extraction of fucoxanthin from P. tricornutum can be improved by the application of a hot soaking process with acetone (Pasquet et al., 2011). However, this approach caused the degradation of chlorophyll a from diatom C. closterium, while the cold soaking process rendered the chlorophyll a to be partially decomposed after 60 min. Similarly, the extraction efficiency of fucoxanthin from P. tricornutum was improved when the temperature of ethanol (50%) increased from 30 to 70°C (Kim et al., 2012). Nonetheless, an extremely high temperature condition of solvent extraction (e.g., above the boiling point of solvent) could cause the localized overheating effects on the fucoxanthin that render its degradation and low recovery.

Soxhlet extraction is a solid-liquid extraction approach that involves the continuous mass transfer of non-volatile target compounds via reflux of organic solvents. The efficiency of extraction depends on the selectivity of solvents for the compounds, the diffusion rate of solvents, and the solubility of target compounds in the solvents (Kim, 2012). Although Soxhlet extraction is a simple diffusion process without applying shear stress to the biomass, it is unsuitable for the extraction of temperature-sensitive carotenoids as their bioactivity will be degraded during the heating cycles (Kim et al., 2012).

Although the maximum yield of the product remains a priority, the selection of solvents should thoroughly consider other criteria such as environmental impact, toxicity and sustainability of the selected solvent (Table 4). For instance, in the extraction of fucoxanthin from P. tricornutum, the extraction efficiency of methanol was higher than that of ethanol (Aslanbay Guler et al., 2020). However, by considering the toxicity of solvents, methanol is relatively hazardous to both environment and human use. Other alternative organic solvents such as petroleum ether and n-hexane are typically incompatible with the extraction of fucoxanthin because of their hydrophobic properties. Moreover, solvent extraction often suffers from the large consumption of organic solvent (Khoo et al., 2019). Nonetheless, the feasibility of recycling solvents via distillation and evaporation under vacuum could mitigate the chemical consumption and waste generation. More importantly, the extracted fucoxanthin must be depleted of organic solvents used in the solvent extraction process if the final product is used as a functional ingredient in food or supplements.



Alternative Fucoxanthin Extraction Methods

The importance of SDG no. 12 (i.e., responsible consumption and production) has become more prominent as the world faces challenges in coping with pollution problems and food demand. The sustainability in the food supply chain and the low-carbon footprint of the commercial food products should begin with the growth of sustainable crops as well as the greener extraction methods in processing of bioproducts. The emergence of alternative extraction methods has opened new avenues to the sustainable extraction of fucoxanthin from algal sources. Table 5 shows the emerging methods for extraction of fucoxanthin from macro- and microalgae.


TABLE 5. Emerging methods for extraction of fucoxanthin from macro- and microalgae.
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Supercritical Fluid Extraction (SFE)

Supercritical fluid extraction (SFE) utilizes carbon dioxide (CO2) at high pressure and constant temperature to extract bioactive components from feedstock (Kanda et al., 2014). Supercritical fluids had a better transport performance than liquid because of its low viscosity and high diffusivity (Kadam et al., 2013). Moreover, the dissolving power of supercritical fluid is dependent on its density, which is regulated by temperature and pressure (Kadam et al., 2013). The physical appearance of the final product is typically in oily and concentrated forms. This extraction method is deemed to be a sustainable processing method as it aligns with SDGs via the usage of environmentally benign solvents (Ramsey et al., 2009). The utilization of CO2 in its supercritical fluid state (SC-CO2) as an extraction solvent reduces the reliance on organic solvents and minimizes the generation of hazardous waste during processing. The low viscosity of SC-CO2 ensures a more efficient mass transfer for rapid penetration of solid matrices and extraction of compounds (Ramsey et al., 2009). More importantly, the solvating strength and polarity of SC-CO2 can be manipulated by controlling the density of SC-CO2, which can be regulated by the temperature and pressure (Kadam et al., 2013). The low critical temperature of CO2 (31°C) allows the extraction of carotenoid at a relatively lower temperature as compared to other traditional extraction methods involving high temperature (Ramsey et al., 2009).

A SFE study performed by Kanda et al. (2014) showed that the extraction of fucoxanthin from Undaria pinnatifida by SC-CO2 increased at least 16-fold in the presence of ethanol as an entrainer (3.23%). Similarly, the addition of entrainer (15% ethanol) was effective in the extraction of fucoxanthin from Sargassum muticum and the yield of fucoxanthin was improved marginally (Conde et al., 2014). Ethanol was commonly used as an entrainer in SC-CO2 extraction to increase the polarity of CO2; this effect is beneficial to the performance of fucoxanthin extraction. A recent work by Aslanbay Guler et al. (2020) showed that the yield of fucoxanthin extracted from P. tricornutum using SC-CO2 was 0.69 mg/g, which was comparable to the yield of fucoxanthin (0.57 mg/g) obtained by the conventional solvent extraction with methanol.

Yet, there are limitations in SFE of fucoxanthin because the optimal extraction conditions are dependent on the characteristics of algae species and fucoxanthin. For example, the vapor pressure of fucoxanthin is an important factor influencing the extraction efficiency; the high vapor pressure of fucoxanthin at a higher temperature enhances its diffusion from the solid matrices (Quitain et al., 2013). In addition, the algae biomass subjected to SFE must undergo an energy-intensive drying step because the water layers on wet biomass obstruct the penetration of SC-CO2 (Derwenskus et al., 2019). Therefore, the implementation of SFE for industrial applications may face some challenges. For example, the requirement of pressurized gas and the expensive equipment may impose greater operational and investment costs. Nonetheless, CO2 could be easily recycled by separating the gas stream during the process depressurization. The application of entrainer or co-solvents can improve the extraction efficiency of SFE but an additional step of solvent separation from the extract is required (Quitain et al., 2013). Moreover, polar impurities such as pigments may be co-extracted because the entrainer tends to enhance the polarity of SC-CO2.



Pressurised Liquid Extraction (PLE)

Pressurised liquid extraction (PLE) is an extraction technique utilizing high temperature (50–200°C) and pressure (3.5–20 MPa) to improve solubility and diffusion rate of biomolecules from complex crude extracts to the solvent phase (Kadam et al., 2013; Derwenskus et al., 2019). In PLE, the high-pressure condition increases the fluid density and maintains the solvent in the liquid (subcritical) state above their boiling point, while the high-temperature condition accelerates the penetration of solvents by lowering the viscosity and surface tension of solvents (Gilbert-López et al., 2017). The major advantages of PLE over the direct solvent extraction and Soxhlet extraction techniques include the rapid extraction process and the lower consumption of solvent. Ethanol was commonly used in the extraction of fucoxanthin via PLE. Although the high-temperature condition of PLE enhances the solubility and diffusivity characteristics of compounds, it was not favorable for the extraction of fucoxanthin from Eisenia bicyclis because of the yield of fucoxanthin was only about 0.42 mg/g (Shang et al., 2011). A similar observation was also reported by Gilbert-López et al. (2017), who discovered that the yield of fucoxanthin dropped by 25% when the operating temperature of PLE increased from 50 to 170°C. Fucoxanthin, which is a temperature-sensitive bioactive compound, can undergo oxidation process at high-temperature conditions and result in the poor yield of extraction. Therefore, it is envisaged that optimal operating temperature for the extraction of fucoxanthin is to be used to preserve the extracted fucoxanthin and subsequently its bioactivities. Furthermore, the safety of PLE operation must be considered because of the high pressure used. The operation period needs to be optimized for ensuring a sufficient contact time between fucoxanthin and solvents until the concentration gradient of fucoxanthin between solvent phase and plant matrix reached a balance. However, a prolonged period of PLE was not encouraged because fucoxanthin could undergo isomerization under the extreme physical conditions of PLE (Aslanbay Guler et al., 2020).



Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction (UAE) has proven useful in overcoming the bottlenecks of conventional solvent extraction processes such as extraction duration and solvent consumption (Papadaki et al., 2017). This approach has been widely used for the extraction of various carotenoids and high-value bioactive compounds (e.g., lutein, astaxanthin, canthaxanthin, β-carotenes, docosahexaenoic acid, eicosapentaenoic acid) from complex feedstock (Cravotto et al., 2008; Dey and Rathod, 2013; Taghi Gharibzahedi et al., 2015; Goula et al., 2017; Chew et al., 2018; Sankaran et al., 2018). The ultrasound technology induces cavitation bubbles that collapse and produce heat energy along with ultrasonic waves (Chemat et al., 2017). These generated mechanical shear forces are responsible for disrupting the cell wall of algae, thereby releasing the target compounds into the solvent phase. The advantage of UAE lies in the disruptive-extractive forces that facilitate the extraction of target compounds from complex feedstock (e.g., algae with thick cell wall) in a single-step approach within a shorter period of extraction. Moreover, the mixing effect caused by acoustic streaming enhances the contact between solvents and target compounds. In conjunction with SDGs, ultrasound technology has been a potential extraction method for the green and sustainable processing of bioactive compounds from natural resources (Tiwari, 2015).

The UAE can be achieved with either an ultrasound bath or an ultrasound probe. It is recommended to adopt a probe instrument due to its effectiveness in cell disruption and energy efficiency. However, the drawback of the ultrasound probe is the overheating of the tip of ultrasound probe that could damage the heat-labile compounds. To overcome the overheating issue, the sample is usually chilled in an ice bath prior to the ultrasonic treatment. In general, UAE with an ultrasound probe gave a higher yield of fucoxanthin (15.96 mg/g), as compared to the ultrasound bath yielding only 0.75–0.97 mg/g of extracted fucoxanthin (Kim et al., 2012; Papadaki et al., 2017; Raguraman et al., 2018). To date, there is still insufficient literature reporting the application of UAE of fucoxanthin from diatom species.



Microwave-Assisted Extraction (MAE)

Microwave-assisted extraction (MAE) is a rapid and efficient extraction process for the recovery of bioactive compounds. The heating of the sample by microwave can be typically done in less than a minute, and the homogenous heating of the sample by microwave irradiation ensures no hot spots or limitations in heat transfer (Pasquet et al., 2011). Microwave irradiation induces heat energy through molecular interaction between solid and liquid (Chew et al., 2019). The heating effect generated from the incident electromagnetic waves promote the rapid dissolution of photosynthetic membranes by selective heating of the more polar part of cellulose (Banik et al., 2003). This heating effect is useful for releasing fucoxanthin from the fucoxanthin-chl a/c-protein complexes (Halim et al., 2012; Xia et al., 2013). Besides, the microwave facilitates an efficient release of intracellular bioactive compounds by improving the penetration of solvent into the matrix (Kadam et al., 2013). In aligning to the principles of green chemistry, microwave technology is favored for a green and clean process of extraction without the need for high-pressure conditions.

Ethanol has been commonly chosen as the solvent for MAE of fucoxanthin. This bio-based solvent favorably interacts with membrane-related lipid complexes. MAE of fucoxanthin in ethanol has been applied to macroalgae such as L. japonica, Undaria pinnatifida, and Sargassum fusiforme under the operating conditions of 300 W, 60°C, and 10 min. Among the tested macroalgae strains, the yield of fucoxanthin obtained from brown seaweed S. fusiforme was the least, which might be due to the rigidity of the cellular wall structure of algae. On the other hand, there are two separate studies demonstrating the rapid extraction of fucoxanthin from microalgae P. tricornutum via MAE in ethanol, which could be completed within 1–2 min (del Pilar Sánchez-Camargo et al., 2017; Zhang et al., 2018). The higher yield of fucoxanthin extracted from microalgae was attributed to the fact that cell wall of microalgae is less recalcitrant than that of macroalgae. To date, the scaling-up of MAE operation remains a challenge and the operating parameters such as temperature and duration of treatment must be optimized systematically. Preferably, the MAE of carotenoid should not exceed 60°C (Pasquet et al., 2011). The pulsed microwave processing or the continuous interval microwave processing with a short period of treatment time could circumvent the over-heating of sample, which effectively reduces the rate of fucoxanthin degradation during the MAE process.



Enzymatic-Assisted Extraction (EAE)

Enzymatic-assisted extraction (EAE) involves the use of hydrolytic enzymes such as pectinase and cellulase to hydrolyze algal cell walls. Algal cell walls mainly consist of cellulose (Domozych, 2001). The enzymatic treatment of algae is effective in hydrolyzing the cell wall to release the intracellular components into the extraction medium. Furthermore, EAE can be considered as a relatively low-cost technology if common food-grade enzymes including amylase, cellulose, pectinase, or β-galactosidase are used. In comparison to other alternative extraction techniques, EAE does not depend on energy-intensive equipment and it can be applied for large-scale extraction of algal bioactive compounds. However, EAE can be inadequate for large-scale applications due to the main drawbacks such as long enzymatic process, low selectivity, and poor yield. Apart from the duration of enzymatic treatment, the temperature condition of EAE must be optimized to maximize the extraction yield.

A recent work by Shannon and Abu−Ghannam (2018) demonstrated the applicability of EAE of fucoxanthin in brown seaweeds pre-treated at low temperature followed by drying and mechanical blending. A commercial enzyme cocktail, Viscozyme, was found to be effective not only in hydrolyzing the cellulose in the cell wall of seaweeds but also in reducing the viscosity of mixture. However, the efficiency of EAE was dependent on the physical texture and the target part (e.g., blade, stipe or holdfast) of seaweed. EAE could also be used as a pre-treatment step to improve the yield of fucoxanthin obtained from solvent extraction (dimethyl ether and ethanol); a 9.3% increase in fucoxanthin yield was obtained from Undaria pinnatifida biomass that was pre-treated by alginate lyase (Billakanti et al., 2013). EAE of fucoxanthin from microalgae was feasible, although the yield was lower as compared to that from the conventional extraction approaches.



FUTURE PERSPECTIVES: POTENTIAL AND LIMITATION OF EXTRACTION TECHNIQUES

Conventional solid-liquid extraction has always been the dominant method used in the extraction of carotenoids from natural sources. Likewise, fucoxanthin is no exception, as evidenced by this review. Although solvents used in solid-liquid extraction could be recovered by evaporation or steam distillation processes for the economical consideration, it is desirable to minimize the usage of chemicals in the extraction process due to the inherent concerns over the toxicity of chemical solvents and the stricter regulations on food and environment. Moreover, increasing consumer awareness, as well as the urge for sustainable and responsible production, have put pressure on the search for cleaner and greener extraction processes. Considering the rising demand for bioactive compounds, the efforts in developing more efficient extraction technologies are underway. Irrespective of the extraction methods, it is crucial to ensure that the bioactivity of fucoxanthin is not compromised during the extraction.

The major challenge in fucoxanthin extraction is the potential degradation of fucoxanthin during the extraction process. Fortunately, it is apparent that the emerging extraction methods can be a good substitute to conventional extraction techniques, although none of them can be regarded as the prime method for the extraction of fucoxanthin from algal sources. In general, these alternative and emerging extraction methods have been proven effective in reducing the total volume of solvent consumed. Except for EAE, these extraction methods are energy-intensive, and their instrumentation and setup costs could be exorbitant to small and medium-sized enterprises. PLE and MAE methods are restricted by the high-temperature conditions used, and the optimization of extraction parameters are required for different algal species. EAE can mitigate the reliance on solvent, but the major obstacle to its application is the high cost of enzymes as compared to solvents and CO2. SFE and UAE methods are increasingly viewed as viable methods for the extraction of fucoxanthin. UAE is a versatile extraction method that can be integrated with other novel extraction methods such as SFE, MAE, and PLE. The integrative extraction method exploits the advantages of both discrete methods for a more satisfactory extraction performance.

SC-CO2 has gained popularity as a suitable solvent for the extraction of plant-based biomolecules because it is inexpensive, non-toxic, chemically inert, non-flammable, and readily available (Roh et al., 2008). Aside from that, an ongoing research effort has been devoted to the microalgae biorefinery by using green solvents like ionic liquids (ILs) and deep eutectic solvents (DESs). ILs have distinctive characteristics such as tunable properties, low melting point, low vapor pressure, and resistance toward high thermal stability. Surface-active ILs and tensioactive compounds have a high affinity to the hydrophobic carotenoid or pigments present in algal biomass (Vieira et al., 2018). They are miscible with water, making them suitable for extraction of fucoxanthin from wet algal biomass. The extractive capability of the anionic surfactant sodium dodecyl sulfate (SDS) was more superior than that of ethanol in the extraction of carotenoid (fucoxanthin included) from wet or dried biomass of Sargassum muticum (Vieira et al., 2018). It was postulated that SDS promoted cell disruption, facilitating the solubilization of hydrophobic compounds. However, the sustainable extraction of fucoxanthin using ILs still requires more in-depth studies as the concern for IL application is mainly on the hazardous raw materials involved in the synthesis of certain types of ILs. Alternative solvents such as using choline-based DESs have yet to be fully explored for fucoxanthin extraction, but the high viscosity of DESs may obstruct the mass transfer during extraction. Ideally, the recyclability of these alternative solvents should be adequately addressed to meet the sustainability criteria in the water-based extraction of fucoxanthin.

The extraction of fucoxanthin at a commercial scale is viable, as evidenced by a past study by Kanazawa et al. (2008). It was reported that the extraction of fucoxanthin from the waste part of brown macroalgae, L. japonica via a conventional extraction approach (i.e., ethanol along with silica gel column separation). The extracted fucoxanthin was estimated to be 149 g of fucoxanthin per ton of waste part of L. japonica. This biorefinery process is a good example of circular economy and it fulfills the SDGs by utilizing waste as a raw material of bioproduct. Liquefied dimethyl ether was also proposed as a suitable solvent for extraction for fucoxanthin due to its low boiling point for easy removal of solvent from the final product (Zarekarizi et al., 2019) as well as lower energy consumption. Moreover, liquefied dimethyl ether was regarded as a safe extraction solvent by food safety authorities from various countries (Zarekarizi et al., 2019). Aside from these, the scaling-up of extraction process must also consider the safety of operation at industrial level.

The biorefinery of microalgae for fucoxanthin extraction must be thoroughly considered in terms of techno-economic analysis (assessing economic feasibility) and life-cycle analysis (assessing potential environmental impacts). In particular, the de-watering step of microalgae biomass from culture (via energy-intensive centrifugation) prior to the extraction step is the major contributor to energy consumption and eventually increases total production cost. Therefore, direct extraction of fucoxanthin or other carotenoids from the wet microalgae biomass could overcome this concern. For example, fucoxanthin was extracted from wet P. tricornutum by subcritical fluid extraction, or known as PLE (Derwenskus et al., 2019; Aslanbay Guler et al., 2020). The optimal yield of fucoxanthin was attained by using methanol at solvent-to-solid ratio of 200:1, 200 MPa pressure and 35°C (Aslanbay Guler et al., 2020). The residual carbon-rich biomass obtained after the extraction could be prospectively used in other applications including livestock feed and fodder, making the extraction method a sustainable platform for biorefinery.

Furthermore, the isolation of fucoxanthin from algal sources could be accompanied by a step of purification to improve the purity of fucoxanthin. The conventional solvent extraction of fucoxanthin from brown algae could be non-selective and would co-extract chlorophylls during the extraction process. Fucoxanthin is often associated with the chlorophyll in the assembly of fucoxanthin-chlorophyll-protein complexes (Wang et al., 2005). This phenomenon renders a complex mixture for the downstream processing of fucoxanthin. Therefore, the ability of a solvent to specifically target fucoxanthin instead of other pigments from algal sources should be considered in these alternative and emerging extraction processes. Chromatographic separation techniques such as silica gel column chromatography, preparative thin-layer chromatography, high-performance liquid chromatography and liquid-liquid partition chromatography have been commonly used in the purification of fucoxanthin (Xiao et al., 2012). To improve the overall efficiency of downstream processing, the extraction techniques can be coupled with the separation techniques. The fucoxanthin-containing solvent fraction retrieved from the solvent extraction (e.g., ethanolic stream) could be directly subjected to the liquid-liquid separation systems like aqueous two-phase system (Gómez-Loredo et al., 2014, 2015) or high-speed countercurrent chromatography (Xiao et al., 2012). Prospectively, the simultaneous extraction and purification of fucoxanthin can be accomplished by integrating biphasic separation techniques with the emerging extraction techniques assisted by ultrasound, electricity, microwave, magnetic field and bubbles (Zhao et al., 2016; Sankaran et al., 2018; Chew et al., 2019; Khoo et al., 2019; Leong et al., 2019).



CONCLUSION

With the inevitable increase in the human population, it is pertinent to ensure food security by seeking alternative and sustainable food sources. Microalgae stand out as a promising candidate as the next generation feedstock that contributes to 16 out of 17 SDGs. One of the most important microalgal biomolecules is fucoxanthin, which has powerful antioxidant properties due to its radical scavenging and singlet oxygen quenching activities. However, the apparent energy-intensive nature of emerging extraction methods can be prohibitive to the commercial production of fucoxanthin and counter-productive to the objectives of SDGs. From here, this review provides an updated understanding of existing and alternative green extraction technologies for fucoxanthin extraction. This enables stakeholders to make informed decisions which is an important milestone for biorefineries, propelling industries toward sustainable development.

The green extraction strategy is one of the many processing stages for sustainable supplies of bioactive ingredients. Other processing stages like extract separation and purification or upstream work (e.g., microalgae cultivation, biomass harvesting, transportation, and storage as well as a fair trade for workers) should also be aligned to SDGs. Further optimization of extraction technologies should focus on the minimization of energy consumption and the integration of different extraction methods to improve the efficiency of fucoxanthin extraction. In the long term, the gradual adoption and advocacy of sustainable strategies in microalgae biorefinery will ultimately close the loop for a circular bioeconomy.
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methods (°C) yield
Solvent extraction Ethanol Phaeodactylum tricornutum  Bacillariophyceae 30 15.71 mg/g Kim et al., 2012
or maceration
Ethanol Odontella aurita Bacillariophyceae 45 17.20 mg/g Xia et al., 2013
Ethanol (96%) Sargassum muticum Phaeophyceae 40 0.55 mg/g Conde et al., 2014
Methanol Chaetoceros calcitrans Bacillariophyceae 25 22.711% Foo et al., 2015a
Acetone Phaeodactylum tricomutum  Bacillariophyceae 25 4.60 mg/g Kim et al., 2012
Ethyl acetate Phaeodactylum tricornutum  Bacillariophyceae 25 2.26 mg/g Kim et al., 2012
Dimethy! sulfoxide Laminaria japonica Phaeophyceae 25 12210 pg/g  Wang et al., 2005
Acetone Fucus vesiculosus Phaeophyceae 30 0.70 mg/g Shannon and
Abu-Ghannam, 2017
Tetrahydrofuran Phaeodactylum tricomutum  Bacillariophyceae 35 1.28 mg/g Aslanbay Guler et al.,
2020
Dichloromethane Phaeodactylum tricornutum  Bacillariophyceae 35 1.28 mg/g Aslanbay Guler et al.,
2020
Methanol Phaeodactylum tricomutum  Bacillariophyceae 35 0.57 mg/g Aslanbay Guler et al.,
2020
Acetone + methanol (1:1, v/v) Saccharina japonica Phaeophyceae 25 0.48 mg/g Sivagnanam et al.,
2015
Acetone + methanol (1:1, v/v) Sargassum horneri Phaeophyceae 25 0.71 mg/g Sivagnanam et al.,
2015
Hexane Saccharina japonica Phaeophyceae 25 0.16 mg/g Sivagnanam et al.,
2015
Hexane Sargassum horneri Phaeophyceae 25 0.05 mg/g Sivagnanam et al.,
2015
Ethanol Saccharina japonica Phaeophyceae 25 0.12mg/g Sivagnanam et al.,
2015
Ethanol Sargassum horneri Phaeophyceae 25 0.08 mg/g Sivagnanam et al.,
2015
Cold acetone-methanol (7:3 v/v)  Sargassum binderi Phaeophyceae 25 0.73 mg/g Noviendri et al., 2011
Cold acetone-methanol (7:3 v/v)  Sargassum duplicatum Phaeophyceae 25 1.01 mg/g Noviendri et al., 2011
Acetone, 120 min Cylindrotheca closterium Bacillariophyceae 20 5.34 ng/mg Pasquet et al., 2011
Acetone, 60 min Cylindrotheca closterium Bacillariophyceae 56 5.23 pg/mg Pasquet et al., 2011
Soxhlet extraction Ethanol (80%) Phaeodactylum tricomutum  Bacillariophyceae 80 156.42 mg/g Kim et al., 2012
Ethanol Laminaria japonica Phaeophyceae 40 191 no/g Kanazawa et al., 2008
Ethanol Undaria pinnatifida Phaeophyceae 78 50 ng/g Kanda et al., 2014
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toxicity studies

Caco-2 and CEM/ADR5000
cells

Oral administration to mice
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Results

Inhibitory effects on
inflammatory cytokines and
mediators

Suppression of mast cell
degranulation in vivo

A reduction of abdominal white
adipose tissue weights in
subjects

Fucoxanthin decreased the
blood glucose and plasma
insulin levels thereby improving
alterations in lipid metabolism
and insulin resistance induced
by a high-fat diet via reduction
of visceral fat mass,
hyperinsulinemia, hepatic
glucose production, and
hepatic lipogenesis
Chaetoceros calcitrans extracts
were able to induce apoptosis
at a concentration as low as

3 ppm

Chaetoceros calcitrans extracts
induced cytotoxicity to HepG2
cells following concentration
and time-dependent pattern

Fucoxanthin acted as a cell
signaling inhibitor at 12 h
incubation (5 wM) of Undaria
pinnatifida extracts

Suppression of UVB-induced
wrinkle formation

No fatalities or abnormalities
reported in both studies

Fucoxanthin exhibited a
chemosensitizers role to
alleviate MDR

Results demonstrated dietary
fucoxanthin accumulates in the
heart and liver as fucoxanthinol
and in adipose tissue as
amarouciaxanthin A

No toxicological effects were
observed. Neither histological
nor serum analyses revealed
any heart, kidney, or liver
toxicity induced by algae diets

Mechanism of action

Inhibition of nuclear factor-xB
gene activation and
phosphorylation of
mitogen-activated protein
kinases

Suppression of
antigen-induced aggregation of
high-affinity IgE receptor and
activation of degranulating
signals of mast cells

Inhibition of fat absorption and
decreased serum triglyceride
level by induction of uncoupling
protein-1 (UCP-1)

Via downregulation of
adipokines like tumor necrosis
factor-a, monocyte
chemoattractant protein-1,
interleukin-6 and, plasminogen
activator inhibitor-1

Fucoxanthin increased the
expression of apoptotic genes,
resulting in an increase in
BAX/Bcl-2 ratio and activation
of caspase 7 mMRNA expression
Modulation of numerous genes
involved in cell signaling (AKT1,
ERK1/2, and JNK), apoptosis
(BAX, BID, Bcl-2, APAF, and
CYCSY), and oxidative stress
(SOD1, SOD2, and CAT)
Fucoxanthin activated the
Nrf2/ARE pathway by
increasing the expressions of
HO-1 and NQO-1 expression
primarily through the ERK/P38
pathway

Fucoxanthin prevents skin
photoaging via antioxidant and
antiangiogenic effects

Low toxicity and safe for
consumption. Normal histology
and no abnormal changes in
liver, kidney, spleen, and
gonadal tissues

By acting as competitive
inhibitors of ATP-binding
cassette (ABC)

This indicates that the
bioavailability of fucoxanthin
(and its metabolites) may be
higher than that of other
xanthophylls, at least of
astaxanthin

Algae-rich diets were thus well
accepted, well-tolerated and
suitable for the maintenance of
body weight and normal organ
function
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SDG

(1) No poverty

(2) Zero hunger

(3) Good health and
well being

(4) Quality education

(5) Gender equality

(6) Clean water and
sanitation

(7) Affordable and clean
energy

(8) Decent work and
economic growth

(9) Industry, innovation
and infrastructure

(10) Reduced
inequalities

(11) Sustainable cities
and communities

(12) Responsible
consumption and
production

(13) Climate action

(14) Life below water

(15) Life on land

(16) Peace, justice and
strong institution

(17) Partnerships for
the goals

Main targets

Wealth creation

e End hunger

e Achieve food security and improved
nutrition

e Promote sustainable agriculture

e Ensure healthy lives
e Promote well-being for all at all ages

e Ensure inclusive and equitable

quality education for all

e Promote life-long learning
opportunities

Gender equality and empowerment of
women and girls

Ensure availability and sustainable
management of water and sanitation for
all

Ensure access to affordable, reliable,
sustainable, and modern energy for all

Promote sustained, inclusive, and
sustainable economic growth, full and
productive employment, and decent
work for all

Build resilient infrastructure, promote
inclusive and sustainable
industrialization and foster innovation

Reduce inequality within and among
countries

Make cities and human settlements
inclusive, safe, resilient, and sustainable

Ensure sustainable consumption and
production patterns

Take urgent action to combat climate
change and its impacts

Conserve and sustainably use the
oceans, seas and marine resources for
sustainable development

Protect, restore and promote
sustainable use of terrestrial
ecosystems, sustainably manage
forests, combat desertification, and halt
and reverse land degradation and halt
biodiversity loss

Promote peaceful and inclusive
societies for sustainable development,
provide access to justice for all and
build effective, accountable and
inclusive institutions at all levels
Strengthen the means of
implementation and revitalize the global
partnership for sustainable
development

Microalgae applications

Aside from using terrestrial biomass like barley or hop, alternative
aquatic biomass from Chlorella vulgaris could be opted for energy
and revenue creation

Microalgae is a cell factory for essential nutrients to support human
health. Nutrients from microalgae has been used in the past as a
diet supplement for undernourished children. Whereas microalgae
by-products can be used as feed additives in poultry and
aquaculture

Microalgae extracts are found to be effective in preventing and
treating both communicable and non-communicable diseases

The availability of microalgae in culture collections enables for
worldwide accessibility in different forms of teaching, research, or
industrial training. This in turn promotes an inclusive and equitable
education to all

Empowerment and scholarship opportunity for women in science,
technology, engineering, and mathematics (STEM) industries
especially for those working in the fields of agricultural and blue
biotechnology involving microalgae

Microalgae-bacteria symbiosis improves water quality by removing
organic matter, excessive nutrients, hazardous contaminants and
heavy metals

icroalgae are the fastest growing aquatic plant and they have the
potential to yield more oil or biomass per ha when compared to
errestrial crops and plants. For example, hydrocarbons from
Botryococcus braunii can replace fossil fuels

icroalgae can improve sustainability practices of existing industrial
activities, including wastewater treatment and the production of
pharmaceuticals, cosmetics, feed, food, and biofuel

icroalgae are used as an innovative greening component in future
buildings. For example, microalgae were cultured in
photobioreactors that were retrofitted or architecturally planned as
bio-facades of buildings to harvest solar energy for electricity
conversion

ore development interventions (e.g., equal access to credit and
information for women) should be implemented for example,
development policies like “Kenya Vision 2030” with the goal of
using algae biomass as a source of food, feed and biofuel for the
country, recognizes the role of women in policy implementation

Sustainable architecture is one of the approaches to energy
conservation in view of the increasing human population.

A cost-benefit analysis from an environmental perspective showed
that the closed tubular microalgae photobioreactor system has
more benefits as compared to solar panel system

A circular approach was demonstrated using Spirulina as a
bio-template in the synthesis of photocatalysts for water
decontamination, and at the same time, the remaining biomass was
used for the bioethanol production. Similarly, microalgae-based
biorefinery can promote circular economy based on
techno-economic and life-cycle analyses

Microalgae are effective in capturing carbon dioxide, a greenhouse
gas that contributes to climate change

Microalgae could be a biocindicator for assessing the climate
change as well as the terrestrial influences on marine health and
ecology of coral reefs. If microalgae were used to replace fishmeal
and fish oil globally, the effect would be equivalent to 30% of
reduction in fishing pressure at the lower end of the food web; this
would contribute to restoration of the marine ecosystem

Microalgae are an effective pioneer microorganism in the restoration
of acrid soil and the desertification where several successful cases
of implementations have been reported

n/a

CyanoFactory is a R&D project focusing on the design and
construction of novel photosynthetic cell factories for solar biofuel
production. Such examples of “purpose driven” research that are
supported by the scientific goals and the need for creation of new
technologies requires more interdisciplinary partnerships to promote
the application of microalgae to a greater level
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