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Seaweeds or marine algae with their three main taxa are recognized as a potential pot for numerous products. This has been imperative to valorize their components at an industrial scale in the context of the sustainability goals of the United Nations (UN). Biorefinery approaches have been attempted for several decades to produce bioactive, biofuels, fine chemicals, and nutritional products from seaweeds. However, with the recent UN goals, climatic changes, and the global economic situation, it is essential to assess all the production processes involved concerning several factors. Numerous steps are performed following algae collection, including optimization of downstream processing (e.g., drying, extraction, and purification), in addition to suitable preservation to maintain products’ integrity till their usage. Moreover, breakthroughs in biotechnologies and the biological sciences are also targeted to achieve the goals of the blue circular bioeconomy which focuses on renewable resources of foods, drug discovery, and energy, while preserving the ocean ecosystem. Hence, the current article provided new insights into the various processes to valorize marine algae in the frame of circular bioeconomy and sustainability concepts.
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INTRODUCTION
Circular bioeconomy is an ecosystem-driven economy that strives for sustainable and resource-efficient operations replacing the vast array of non-renewable, fossil-based products now in use by emphasizing the utilization of renewable natural capital and minimizing waste. Hence, this approach should reduce emissions and mitigate climate change (Kardung et al., 2021; Abdelmohsen et al., 2022). Bioeconomy activities have gained a particular interest since the announcement of the United Nations 17 Sustainable Development Goals (SDGs) (Heimann, 2019; Rushdi et al., 2020c). Besides, biorefinery is a relatively novel trend usually used in industrial fields to optimize the use of bioresources to produce bioactive and fine chemicals achieving the goals of zero waste technology, and hence, sustainability and circular bioeconomy (Orejuela-Escobar et al., 2021). This is in line with the concept of the “blue economy” which was coined by Gunter Pauli and refers to the sustainable use of the marine environment for better living standards and economic growth while maintaining the health of the marine ecosystem (Pauli, 2010). Based on information obtained from the Food and Agriculture Organization (FAO), it is estimated that annual food waste amounts to about 1.6 billion metric tonnes, of which 1.3 billion metric tonnes are edible food items, components, or products. Examples include nearly 46% of the fruits, vegetables, roots, and tubers are wasted, while 35% of fish and shellfish and 30% of grains are thrown away which becomes a challenging issue (Lahiri et al., 2023; Salem et al., 2023).
To reduce biowastes and use large volumes of extraction solvents as in classical traditional methods, great developments were achieved in downstream processing, including extraction and purification methods in the last few years. In this context, various modern extraction methods were developed such as microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE), enzyme-assisted extraction (EAE), and super critical fluid extraction (SFE) (El-Shamy and Farag, 2021). Such an approach could show high potential to valorize diverse agricultural and food by-products produced following processing of, for example, onion and potato (Salem et al., 2023), artichoke, buckthorn (Zayed and Farag, 2020; Fouda et al., 2024), mango (El-Shabasy et al., 2024), citrus fruits (Zayed et al., 2021). The biorefinery approach is not limited to terrestrial plants, but it has been expanded to marine organisms such as marine microalgae (Cheng et al., 2022; Aboubakr et al., 2024) and macroalgae (Álvarez-Viñas et al., 2019). These efforts have resulted in the isolation of value-added compounds with promising health-promoting benefits, including anti-tumor, antioxidant, anti-inflammatory, and others (Zayed and Farag, 2020; Liu et al., 2021; Zayed et al., 2021; Benedetti et al., 2023; Salem et al., 2023). However, macroalgae valorization still needs more investigations for extraction optimization and full recovery of their bioactive metabolites.
Closely connected to this issue, the sustainability of the techniques used to extract and purify bioactive phytochemicals is critical. Today, not only is extraction technique efficiency pursued by extracting phytochemicals with the best possible extraction yield and related bioactivity, but also the development of environmentally friendly extraction processes is chosen over traditional extraction protocols. These discoveries are highly recommended to comply with green chemistry guidelines concerning extraction. Such guidelines encourage innovation using renewable resources, employing other solvents, primarily water, energy consumption decreases with modern technologies, creation of co-products rather than garbage, reducing unit operations and promoting process automation, and aim for non-denatured, biodegradable extracts that are free of pollutants (Chemat et al., 2017).
To meet these requirements and increase the “greenness” of these processes even further, biorefinery concepts are being developed, which are based on the use of natural biomass to produce a diverse range of products useful in various production fields (e.g., food, pharmaceutical, or agricultural) while also producing energy to reduce or eliminate any industrial waste (Herrero et al., 2015). The principles, advantages and possible uses of these technologies concerning marine algae phytochemicals are examined. Higher yield, shorter treatment times, and cheaper costs are benefits of new technologies over conventional solvent extraction methods. Additionally, several combinations of innovative extraction techniques and thermolabile compound-friendly technologies are found. Also addressed are the drawbacks and difficulties associated with applying these revolutionary extraction technologies in industry (Herrero et al., 2015). The attainment of the active fraction or pure natural products requires further separation and purification of specific products based on the inherent disparities, whether physical or chemical, that exist among each natural product. Of all the techniques employed, chromatography, particularly column chromatography, stands as the prevailing technique for the isolation of uncontaminated natural compounds from intricate mixtures. Therefore, the current article reviewed firstly the various extraction procedures either traditional or modern green, applied particularly for marine algae-derived bioactive compounds. Afterward, the macroalgae bioactive constituents shall be addressed for optimization of their recovery. Hence, the study may present optimization for isolating specific compounds, particularly from algae, exhibiting potential bioactivities.
BIOREFINERY APPROACHES, PHASES, AND GENERATIONS
A biorefinery may be characterized as a series of processes or a cascade of processes that convert biomass into various products intended for either material or energy applications, as delineated in its fundamental definition (Van Dyne et al., 1999; Abdel-Rahman et al., 2022b). One of the most plentiful resources in the water is marine algae. Contributing 27% of the global yearly harvest of wild marine algae and 72% of the global annual crop of cultivated marine algae, respectively (Zheng L.-X. et al., 2020a). A biorefinery is a facility that uses biomass to create a wide range of products for different markets, including food, feed, materials, and energy. It is distinguished by its high process integration, low waste production, and high flexibility in responding to shifting markets for products and raw materials. Biorefinery has increased significantly in recent decades due to factors such as the growing global population, the scarcity of sustainably useable cultivation areas, and the politically motivated efforts of many nations to transition from a fossil-based economy to a more bio-based economy (Schmidt et al., 2019). We will now direct our attention towards elucidating the various categories of Biorefineries. We will now focus on describing the different kinds of Biorefineries. The traits of the one under study in this conceptual analysis will next be described in greater detail.
Biorefinery Phase I: is exemplified by an ethanol dry mill facility. Such a plant possesses a set processing capacity, utilizes grain as raw algae material, and produces predetermined quantities of carbon dioxide, ethanol, and feed byproducts. Its processing adaptability is essentially non-existent. This type will solely be employed for comparative purposes.
Biorefinery Phase II: The wet milling technology that is used today is one example of this. Despite using grain feedstocks, this technique can produce a range of end products based on contract obligations, costs, and product demand. These goods consist of corn oil, starch, ethanol, high fructose corn syrup, and corn gluten feed and meal. This kind of starts to imply the series of industrial facilities required to balance the current boom-and-bust nature of the algae economy.
Biorefinery Phase III: is the type that is examined. A Phase III Biorefinery can create a wide range of chemicals, fuels, and intermediate or final products. It can also create these products using different kinds of feedstocks and processing techniques for the industrial market.
The key element in adapting to shifts in the supply and demand of feed, food, fiber, and industrial commodities is the flexibility of feedstock utilization. In summary, these algae of the future will be able to:
(1) Accept a variety of agricultural feedstocks.
(2) Employ several kinds of processing techniques.
(3) Coproduce ethanol and a variety of higher-value compounds.
An integrated biorefinery platform with algae bio stimulants is anticipated to attain environmental, technological, and economic sustainability (Cheng et al., 2022). Primary and secondary biorefinery techniques have been developed for processing algae biomass. To separate the biomass components in their original or slightly modified states, such as extracting lipids, proteins, cellulose, minerals, carbohydrates, agar, alginate, and carrageenan, the primary-level biorefining process is utilized. Primary-level biorefinery techniques used in this kind of approach are chemical, mechanical, and water treatment. Secondary biorefinery techniques directly convert complete algae biomass into final or end products, such as bioethanol, biogas, biobutanol, bio-oil, biochar, acids, etc., the second level of biorefining techniques is utilized. Treatments like hydrolysis, fermentation, pyrolysis, anaerobic digestion, and hydrothermal liquefaction are used in this kind of approach. Compared to the secondary-level strategy, the primary-level biorefinery systems have advantages. They yield high-value products with a greater biomass utilization rate, and the extracted products can be further modified, derivatized, and used according to needs. In comparison to conventional marine algae processing, the marine algae biorefining process offers several advantages, including increasing the value of biomass, guaranteeing sustainable biofuel generation, and improving the environment (Baghel, 2023). The cost of producing biomass for a biorefinery can be greatly decreased by cultivating macroalgae in an IMTA system. Additionally, growing marine macroalgae requires the use of sea water, which eliminates the need for significant freshwater resource usage as compared to terrestrial plants and freshwater microalgae. Ulva lactuca, Saccharina latissima, and Mastocarpus stellatus (a red algae that generates carrageenan) are among the marine microalgae that have been successfully cultivated and employed as biofilters in an integrated multi-trophic aquaculture (IMTA) pilot system (Filote et al., 2021a). The biomass of Laminaria digitata collected between late spring and midsummer has been shown to have the greatest sugar concentrations (Alvarado-Morales et al., 2015). For the biomass gathered in July, agar derived from Gracillaria verrucosa had the maximum yield, whereas the algae obtained in May yielded the lowest (Kumar et al., 2013). Alginates derived from wild Sargassum latifolium harvested in the springtime exhibited a greater mannuronic/guluronic acid ratio (M/G) (Fawzy et al., 2017). The biomass of Gracilaria chilensis collected in winter and spring when the protein level is highest, while the summer protein level is lowest (Abreu et al., 2009). Research shows that compared to macroalgae growing in the wild, those grown in an IMTA system have a more consistent protein chemical composition. The number of valuable biomolecules that can be discovered in cultivated macroalgae that differ from those found in wild species is an essential factor that biorefineries should take into account. To effectively generate macroalgae biomass, a few prerequisites need to be addressed: temperature, turbidity, depth, illumination, and nutrients in the water (Aravind et al., 2020).
ALGAE CLASSIFICATION AND CONSTITUENTS
Algae are a diverse collection of aquatic autotrophs that serve as valuable models for morphology, physiology, and molecular biology research (Rushdi et al., 2022a). About 175,427 species and infraspecific of algae have been identified, which have been classified into macroalgae (commonly known as marine algae) and phytoplankton or microalgae. Diatoms (Bacillariophyta), dinoflagellates (Dinophyta), green and yellow-brown flagellates (Prasinophyta, Prymnesiophyta, Cryptophyta, Chrysophyta, and Rhaphidiophyta), and blue-green microalgae (Cyanophyta) make up most phytoplankton (Jimenez-Lopez et al., 2021; Abdel-Rahman et al., 2022a; Guiry and Guiry, 2024). Macroalgae, on the other hand, are categorized into three major groupings based on the types of pigments, i.e., green algae (Chlorophyta), brown algae (Ochrophyta), and red algae (Rhodophyta), which enable them to reside and survive at various depths (Attia et al., 2024; Guiry and Guiry, 2024).
The biomass produced by marine algae is a great source of oils, proteins, polysaccharides (e.g., fucoidans, laminarin, and alginic acid), and other value-added value compounds present in smaller amounts, such as carotenoids, pigments, antioxidants, sterols, and other unsaponifiable, antimicrobials, or minerals. Microalgae can use residual nutrients and CO2 from flue gas. Furthermore, triacyl glycerides (TAG), a source of long-chain poly unsaturated fatty acids (LC PUFA) such as the omega-3 fatty acids EPA and DHA, may be obtained from microalgae (Catchpole et al., 2010). However, downstream processes, including algal biomass harvesting, drying, extraction and purification of metabolites, may provide a lot of challenges when attempting to extract considerable amounts of, for instance, protein due to their adaption to the marine environment, cell wall composition, and secondary metabolites. The initial stage in isolating the desired phytochemicals from marine algae is harvesting high concentration of microalgae biomass then drying procedures to stabilize the alae biomass followed by effective extraction method (Simon and Helliwell, 1998). In addition, natural matrices are extremely complicated and effective separation techniques are necessary to attain the desired result. The isolated bioactive compounds should be preserved in a suitable form to protect them from external deteriorating factors in addition to improving their bioavailability. The bioactive phytochemicals present in those materials must be selectively removed to be completely exploited (Montañés and Tallon, 2018). Hence, various methods have been reported and may be classified into traditional extraction procedures such as maceration, percolation, and reflux extraction, in addition to some modern or greener extraction methods such as supercritical fluid extraction (SFC), pressurized liquid extraction (PLE), and microwave-assisted extraction (MAE). The latter procedures have been used in phytochemicals extraction and offer benefits providing a number of advantages as lower organic solvent consumption, shorter extraction time, and higher selectivity (Zhang et al., 2018).
MARINE ALGAE HARVESTING, DRYING, AND EXTRACTION TECHNIQUES
The stages of downstream algae production that require the greatest energy are harvesting and drying (Lafarga, 2020). Algal cells are collected and separated from the liquid media during the harvesting process. Algae normally make up 1% (w/v) of the culture media, which means that their concentration requires a lot of energy (Kuzhiumparambil et al., 2022).
Similar to harvesting, drying requires a significant amount of energy to remove the water from the biomass of microalgae (Dixon and Wilken, 2018). The microalgae that are obtained typically have a water content of 85%; the drying procedure is used to reduce this to typically 5% (Fasaei et al., 2018). In order to stabilise microalgal biomass by lowering the rate of microbial and chemical degradation, low water content is required (Biz et al., 2019). A number of techniques for harvesting and drying will be covered in this section.
Harvesting techniques
Flocculation
One method of harvesting microalgae is flocculation, which entails aggregating the particles to increase their size and aid in the separation of microalgae from huge volumes of suspension (Mata et al., 2010), There are several varieties of flocculation, including bio-, electro-, and chemical flocculation.
Chemical flocculation
The basis of this kind of flocculation is the neutralisation of the charge on the microalgae’s surface with the addition of cations, such as poly aluminium chloride and aluminium sulphate, which can successfully offset the negative charge of the microalgae cells. High quantities of these multivalent cations can contaminate algal biomass, which can be hazardous to metabolic processes by impeding algal growth and production and complicating downstream processing. This is considered the drawback of this harvesting method (Chen et al., 2011; Lee et al., 2013).
Electro-flocculation
Electro-flocculation is a well-established method for harvesting micro algal biomass due to its advantages of being simple to use, requiring little chemical input, and leaving no residual anions behind (Xu et al., 2010). This method involves depositing the culture medium into a container that has many metallic electrodes, and then using an electric current to release a small amount of ions into the medium. Algal biomass can agglomerate quickly as a result of this neutralising the negative charge of the cells (Chatsungnoen and Chisti, 2019).
Bio-flocculation
Bio-flocculants may be bacterial byproducts. Bacterial surfactants, proteins, humic compounds, carbohydrates, and nucleic acids make up these bio-flocculants. The removal of metals from water, the flocculation of wastewater, and the harvesting of microalgae are all made possible by the widespread usage of bio-flocculants derived from bacteria like Scenedesmus quadricauda, Botryococcus braunii, and Selenastrum capricornutum. Bacterial bio-flocculants have an issue in that their purification is expensive (Wan et al., 2013).
Flotation
Flotation harvesting technology has the advantage of reduced initial equipment costs and is especially efficient for very thin algal suspensions. Using this method, fine air bubbles are introduced at the flotation tank’s bottom to facilitate the separation of liquid from solid. As the bubbles cling to the particulate matter, the particles are propelled to the surface by their combined buoyancy. A layer of thickened slurry will form once the particles have floated to the surface, and this can be recovered using a skimming operation. The best dosage of various coagulants should be injected into the algal suspension since the amount of algae biomass that can be recovered by flotation operations is restricted (Bare et al., 1975).
Filtration
In this technique, algal suspension is forced through the filter medium by a suction pump during the filtering process. Afterwards, the medium is harvested after the algal biomass has been concentrated there. Spirulina platensis and Coelastrum proboscideum are two examples of large-sized microalgae that may be harvested via filtration, which is mostly advantageous for these types of algae. The two primary issues with filtering algae are the tiny volume of fluid flow and the deposited cells’ tendency to clog the medium. To prevent filter clogging, a number of alternative techniques have been developed (Show et al., 2019).
Gravity sedimentation
Gravity sedimentation is a solid-liquid separation technique that divides a feed suspension into a higher concentration slurry and an effluent that is essentially clear liquid. It is employed in the extraction of particles from a suspension with a suitable settling velocity. After the thickened sludge underflow is removed from the tank’s bottom, the supernatant, also known as effluent, overflows a weir and is piped back to the treatment plant’s inlet (Show et al., 2019).
Centrifugation
Microalgae are separated from the suspension via centrifugation, which uses a stronger centrifugal force than gravity. Feeding suspension into the bowl, it is rotated. The solids in the suspension would spin out faster against the revolving bowl wall the higher the rotation speed. Using a skimming tube, the supernatant is extracted. While centrifugation techniques have many advantages for harvesting algae, their high running costs and tendency to destroy cells generally outweigh their benefits (Show et al., 2019).
Drying techniques
Solar drying
It's a drying method that makes use of sun energy, which is abundant and naturally renewable. However, it necessitates lengthy drying durations and vast drying surfaces. Furthermore, the sluggish drying rate that results in biomass degradation, such as microalgae discolouration, is caused by the dehydration and breakdown of the chlorophyll in the microalgae (Brink and Marx, 2013; Fudholi et al., 2014). This makes it challenging to preserve the quality of the final product when utilizing conventional open solar drying methods. When compared to alternative drying methods, it appears to have little effect on certain operations, such as oil extraction, despite these disadvantages (Guldhe et al., 2014).
Convective drying
One typical technique for extracting water from microalgae is convective drying. Its basic principle is the dehydration that results from distributing the biomass into thin layers and providing convective hot air in an oven or tray drier. This technique can be carried out in temperatures between 20°C and 60°C and between 18 and 48 h (Chen et al., 2015). When compared to fresh biomass, it was found that there are no appreciable changes in the content of fatty acids or oil extraction (Guldhe et al., 2014).
Spray drying
The process of spray drying involves mixing liquid atomization gas with droplets and then drying the liquid droplets. When a liquid droplet sprayed downwards in a vertical tower gets into contact with a hot gas stream, drying is initiated. When producing algae for human consumption, spray drying is a suitable drying technique. In addition to being expensive, the high-pressure atomization method used in the process can break intact cells, even with its great drying efficiency. Spray drying demonstrated a high level of efficiency, removing 10,000 kg of water per hour from microalgae (Show et al., 2019).
Freeze drying
Freeze drying is a popular drying technique in food processing due to its ability of freeze drying to retain the majority of the protein in dried microalgal biomass with protein loss around 10% (Desmorieux and Hernandez, 2004). The initial step in this procedure entails freezing the biomass and transferring it to a vacuum chamber. Sublimation of water using heat or radiation is the second phase. Algal components that are heat-and oxygen-sensitive can be treated using this approach. The biggest drawbacks are the high running costs and lengthy drying times (de Farias Neves et al., 2019).
Vacuum shelf drying
By using this technique, high drying efficiency at comparatively low temperatures can be achieved. It works well with algal materials that are oxidation-sensitive. When drying Spirulina sp., the vacuum shelf drying approach was shown to have a good drying efficiency. Dried biomass with a water content of 4% was produced at 50°C–65°C and a low pressure of 0.06 atm. The primary benefit of the vacuum shelf drying process is that it minimises phycocyanin loss and lipid oxidation while preserving the high quality of algal products. The primary disadvantage is high operating costs in spite of these benefits (Mee-ngern et al., 2014; Larrosa et al., 2017).
Flash drying
Flash drying is used for algae drying by introducing a mixture of dry and wet algae into a hot gas stream. The moisture from the algae is transferred to the gas by means of this heated gas. The method of obtaining the hot gas determines the economical effectiveness (Show et al., 2013).
Incinerator drying
This drying technique makes use of several circular steel cylinders called hearth incinerators. Algae can be dried in an incinerator by lowering the degree of heat that enters. An alternative kind of incineration drier that guarantees a uniform drying of the algae does so by using a fluidized sand bed as a heat reservoir. The primary drawback is the price (Delrue et al., 2012).
Cross flow air drying
This drying technique combines a compartment dryer with a hot air cross flow. When Spirulina sp. is dried using cross flow air, an efficient approach yields dried biomass with a water content of 4%–8% after 14 h at 62°C. The only thing impeding its utilisation despite its remarkable drying efficiency was the high energy cost (Delrue et al., 2012; Liu et al., 2012).
Microwave assisted drying
Microalgae may be dried quickly with microwave drying because of its effective heat distribution. Because of heat produced by water molecules friction against one another and microwave energy absorbed by the water, the microwave frequency utilized in micro algal drying—2.45 GHz—helps to evaporate water. Utilizing this technique with the previously described frequency for drying Chlorella vulgaris, which has a moisture content of 42.5%, demonstrated the great drying efficiency and quick drying periods (Chandrasekaran et al., 2013; Villagracia et al., 2016).
Extraction techniques
Conventional extraction techniques
Traditional extraction techniques are always performed with a simple solid-solvent procedure including maceration, heat-assisted extraction, percolation, and Soxhlet extraction. They often involve organic solvents and necessitate a high volume of solvents as well as lengthy extraction periods. According to the extraction principle, extraction processes include solvent extraction, distillation, pressing, and sublimation, where the most common method is solvent extraction (Attia et al., 2022). One of the earliest methods of solid sample preparation is solvent extraction, often known as “solid-liquid extraction (SLE)” but more accurately referred to as “leaching” or “lixiviation” which corresponds to its physical-chemical basis more closely. It assists in separating and eliminating molecules of interest from insoluble high-molecular-weight fractions as well as from other compounds that can obstruct the analysis next steps. Leaching has traditionally been done extensively by maceration, which relies on the proper solvent selection and the use of heat and/or agitation to speed up the mass transfer and improve the solubility of the constituents. Despite the widespread use of maceration, especially for the separation of natural compounds, this is characterized by lengthy extraction procedures with poor yields (Luque de Castro and Priego-Capote, 2010). This technique is used by most of the algae extraction to get active phytochemicals. The major benefit of this approach is that it has simple reasoning, clear operation, set procedures, and minimal instrument and equipment needs. The selection of organic solvents and the evaluation of extraction parameters (e.g., temperature, time, sample pretreatment, etc.), which have a direct impact on the extraction effectiveness and purity of active ingredients, are crucial to the success of organic solvent extraction. Among these, ethanol is the organic solvent frequently utilized in the extraction of brown algae constituents. Recent developments in the extraction of marine phenolics from marine algae have been based on SLE (Zheng et al., 2022).
Maceration, percolation, and decoction
Maceration is an easy extraction process; it has the disadvantage of taking a long time and having a low extraction efficiency. It has the potential to be employed for the extraction of thermolabile components. Two solvents, methanol, and acetone, as well as four extraction procedures, probe sonication, bath sonication, tissue grinding, and mortar and pestle maceration, were compared in chlorophyll analysis from freshwater green algae. A probe sonicator was more efficient than the other extraction methods in extracting chlorophyll from methanol. Except for the maceration procedure, methanol was the superior solvent. The maceration approach was equally successful for both solvents but significantly less effective than methanol and probe sonicator. The extraction approach appears to be one of the main steps in chlorophyll analysis (Simon and Helliwell, 1998; Rushdi et al., 2022b). To find the best chlorophyll extraction parameters from dried Laminaria saccharina using canola oil maceration. To calculate the sum of chlorophylls, UV-spectroscopy was used. As a solvent, pure acetone was utilized. As a result, it was determined that the ideal maceration settings for the total extraction of chlorophylls are as follows: The particle size of raw materials must not exceed 1 mm, the maceration period must not exceed 10 days, and a single maceration is sufficient. Additionally, it is simple to modify the protocols utilized in this procedure to yield a variety of molecules of interest. This is made feasible by the ability to use various solvents, temperatures, and agitation settings, enhancing the selectivity and efficiency of mass transfer. Unfortunately, separating the chemicals from the matrix requires multiple cycles of filtration or centrifugation (Garcia-Vaquero et al., 2020). However, percolation is a continuous process in which the saturated solvent is constantly replenished by fresh solvent, and hence, it is more efficient than maceration (Zhang et al., 2018). The decoction extract contains a high concentration of water-soluble contaminants. The decoction cannot be used to extract thermolabile or volatile constituents (Zhang et al., 2018).
Reflux extraction
Reflux extraction is more efficient than percolation or maceration and uses less solvent and time. It is incompatible with the extraction of thermolabile natural compounds (Zhang et al., 2018). Normal operating parameters include ambient temperature and atmospheric pressure, though heating is also an option. The effectiveness of reflux extraction is higher than that of maceration and percolation, even though it takes slightly less time and solvent to complete the extraction. Additionally, heating and ambient pressure are the operational conditions (Perez-Vazquez et al., 2023).
Distillation
The extraction of volatile oil is generally accomplished using hydro distillation (HD) and steam distillation (SD). In HD and SD, certain natural substances decompose. The Oman Gulf’s Chabahar region was used to capture the brown algae Nizamuddinia zanardinii. and GC-MS were used to examine the hydro-distilled essential oil of N. zanardinii. A total of 15 substances were found, and the primary components of these were 7, 10, and 13-hexadecatrienoic acid methyl ester (41.8%), followed by hexadecanoic acid methyl ester (19.3%), n-heneicosane (3.6%), and 7, 10-hexadecadienoic acid methyl ester (3.4%). Additionally, certain terpenes, including -element, trans-farnesene, and -ionone, were discovered for the first time in the oil of N. zanardinii (Firouzi et al., 2013). Using a combined steam distillation and solvent extraction method, the red marine algae Polysiphonia sphaerocarpa was extracted, and various brominated chemicals were discovered using gas chromatography-mass spectrometry. 2,4-dibromo anisole, 2,4,6-tribromoanisole, 3-bromo cresol, 3,5-dibromo-4-hydroxybenzaldehyde, 2-bromophenol, 4-bromophenol, 2,4-dibromo phenol, 2,6-dibromo phenol, and 2,4,6-tribromophenol were among the substances found (Flodin and Whitfield, 2000). It is commonly known that marine algae produce volatile organic compounds (VOCs). The VOC from algae has greatly improved because of the headspace collection of volatiles, solid phase microextraction, and the conventional extraction by hydrodistillation combined with analytical chromatographic techniques (i.e., GC-MS). Hydrocarbons, terpenes, phenols, alcohols, aldehydes, ketones, esters, fatty acids, and chemicals containing halogens or sulfur are the main volatile substances found in marine algae (Gressler et al., 2009).
Non-conventional extraction techniques
The non-conventional ones include pressurized liquid extraction, microwave-assisted extraction, ultrasound-assisted extraction, and subcritical CO2 extraction, among others. Shorter extraction periods, lower operating temperatures, less solvent used, and process automation are characteristics of new extraction processes. These methods are also seen to be environmentally benign due to the advantages outlined above. To produce greater yields of the target analyte, certain parameters need to be tuned. Therefore, frequent variables to be optimized in these novel techniques include solvent ratio, extraction solvent, extraction time, pH, temperature, and particle size (Perez-Vazquez et al., 2023).
Pressurized liquid extraction (PLE)
Pressurized liquid extraction (PLE) as accelerated solvent extraction, enhanced solvent extraction, pressurized fluid extraction, accelerated fluid extraction, and high-pressure solvent extraction. High pressure preserves solvents in a liquid condition above their boiling point, resulting in high lipid solute solubility and diffusion rate in the solvent, as well as high solvent penetration in the matrix (Michalak and Chojnacka, 2014; Sosa-Hernández et al., 2018). When compared to other methods, PLE significantly reduced extraction time and solvent usage while improving repeatability. Also been referred to in the literature as accelerated solvent extraction (ASE), pressurized fluid extraction (PFE), or pressurized hot-solvent extraction (PHSE). When water is used as the extraction solvent, this method is also known as superheated water extraction (SHWE), subcritical water extraction (SWE), or pressurized hot-water extraction (PHWE). The general concepts and instrumental needs are the same in both circumstances because only the solvent is different. In general, PLE methods are faster and use less solvent than traditional extraction techniques like Soxhlet extraction. These properties are supplied by the increased mass-transfer rate, increased analyte solubility, and decreases in solvent viscosity and surface tension that occur under PLE conditions. The dielectric constant (ε) of water, which is a measure of the polarity of the solvent and is considerably reduced when water is heated at high temperatures while remaining in the liquid state, affects the extraction in marine algae (Herrero and Ibáñez, 2015). Six species of marine algae from the Northwest of Spain were studied, including F. vesiculosus, D. dichotoma, C. baccata, H. elongata, U. intestinalis, and U. lactuca, for their lipid composition. To extract high-quality lipids from F. vesiculosus algae, the F. vesiculosus algae can be processed using PLE technology to extract high-quality lipids. It was determined how the extraction conditions affected the yield and fatty acids composition of F. vesiculosus. The lipid profile was not significantly affected by temperature in the investigated range (80°C–160°C), according to PLE optimization. Ethyl acetate improves the extraction of long-chain fatty acids (oleic acid), producing extracts with nearly twice the amount of ethanol and acetone solvents, after testing five different polarity solvents (hexane, ethanol, ethyl acetate, acetone, and ethanol: water (50:50). Although the most polar solvents, such as ethanol and ethanol: water 50:50, produced the best (lowest) ω-6/-ω3 ratios (Otero et al., 2018). Pressurized liquid extraction with solid-phase extraction (PLE-SPE) combination is the foundation of a novel extraction method. The technique was used to extract bioactive phenolic acids (protocatechuic, p-hydroxybenzoic, 2,3-dihydroxybenzoic, chlorogenic, vanillic, caffeic, p-coumaric, salicylic acid), cinnamic acid, and hydroxybenzaldehydes (p-hydroxybenzaldehyde, 3,4-dihydroxy benzaldehyde, vanillin) from in vitro cultures of two fresh freshwater algae (Anabaena doliolum and Spongiochloris spongiosa) and from food products of marine macroalgae Porphyra tenera (nori) and Undaria pinnatifida (wakame). The marine and freshwater algae products had sub-microgram or microgram levels of the phenols listed above per Gram of lyophilized material (Onofrejová et al., 2010).
Supercritical fluid extraction (SFE)
The extraction solvent in supercritical fluid extraction (SFE) is supercritical fluid (SF). SF has a liquid-like solubility and a gas-like diffusivity, and it can dissolve a wide range of phytochemicals. Because of minor pressure and temperature changes, their solvating characteristics altered substantially around their critical points. Because of its appealing properties such as low critical temperature (31°C), selectivity, inertness, low cost, non-toxicity, and capacity to extract thermally labile chemicals, supercritical carbon dioxide (S-CO2) was frequently utilized in SFE. S-CO2’s low polarity makes it perfect for extracting non-polar phytochemicals such as lipids (Michalak and Chojnacka, 2014; Sosa-Hernández et al., 2018). To considerably improve S-CO2 solvating properties, a modifier can be added. Daidzin, Genistin, Daidzein, Ononin, Sissotrin, Genistein, Formononetin, and Biochanin A, isoflavones detected in aqueous methanol extract of (Sargassum muticum, Sargassum vulgare, Hypnea spinella, Porphyra sp., Undaria pinnatifida, Chondrus crispus, and Halopytis incurvus) using Hyphenated technique for the extraction Ultrasound-assisted supercritical fluid extraction followed by fast chromatography with tandem mass spectrometry (Klejdus et al., 2010). To extract valuable phytochemicals from marine algae, innovative extraction techniques such as supercritical fluid extraction, microwave-assisted extraction, ultrasound-assisted extraction, enzyme-assisted extraction, and pressurized liquid extraction have been studied. Based on their concentrations of high added-value metabolites like fucoxanthin and polyphenols, six species of Dictyotales (Dictyopteris polypodioides, Dictyota dichotoma, Dictyota fasciola, Dictyota spiralis, Padina pavonica, and Taonia atomaria) collected from the Tunisian coasts were examined. High-performance liquid chromatography (HPLC) was used to quantitatively assess polyphenols and fucoxanthin, respectively. Therefore, T. atomaria and D. polypodioides had the highest amounts of fucoxanthin (5.53 ± 1.2 and 3.43 ± 1.3 mg/g dry weight, respectively), whereas D. spiralis had the lowest value (0.23 ± 0.1 mg/g dry weight). The highest total phenol content was produced by D. dichotoma and T. atomaria (19.3 ± 0.4 and 15.2 ± 1.1 mg/g dry weight, respectively). The most prevalent species, D. polypodioides, was employed in the second step to extract fucoxanthin using supercritical carbon dioxide (ScCO2). The optimal extraction parameters for fucoxanthin extraction by ScCO2 were 60°C temperature and 50-MPa pressure, which resulted in an extraction yield that ranged from 0.50% ± 0.04% to 1.32% ± 0.02%. The extract’ highest levels of fucoxanthin and polyphenol recovery were 15% and 64%, respectively (Ktari et al., 2021).
Ultrasound-assisted extraction (UAE)
Polysaccharides like carrageenan and alginate, pigments like fucoxanthin, chlorophylls, or beta-carotene, and phenolic compounds, among others, have been extracted using this technique from a variety of marine algae. This makes the use of UAE to characterize marine algae as a new supply of metabolites, notably suitable for vegetarian and vegan diets, an effective and sustainable method (Carreira-Casais et al., 2021). Ultrasound-assisted extraction (UAE), often known as ultrasonic extraction or sonication, extracts using ultrasonic wave energy. Ultrasound in the solvent results in cavitation, which increases solute dissolution and diffusion as well as heat transfer, improving extraction efficiency. Another advantage of UAE is that it uses less solvent and energy, and it reduces extraction temperature and time. UAE can be used to extract thermolabile and unstable chemicals (Michalak and Chojnacka, 2014). UAE is extensively used in the extraction of a wide range of natural goods (Vázquez-Rodríguez et al., 2020). This method makes use of ultrasonic waves, which have frequencies between 20 kHz and 10 MHz and are located between audible and microwave ranges. Within the ultrasound spectrum, two areas can be distinguished, power ultrasound (20–100 kHz), which has a high intensity and is used for extraction and processing applications; and signal or diagnostic ultrasound (100–10 MHz), which is used as a clinical diagnostic technique as well as for control and quality assessment (Tiwari, 2015). Water and acidic solutions are the most used solvents in the extraction of carbohydrates from marine algae. In general, the extraction is done at room temperature, and the extraction time (ET) is roughly 1 h, though greater ET has been documented (Chemat et al., 2017). It is vital to remember that the extraction pH has a significant impact on protein extraction and isolation. Ultrasound-assisted extraction was utilized to extract protein from marine algae (Yücetepe et al., 2018). Regarding the extraction of carbohydrates from algae, water, and acidic solutions are the most employed solvents. In general, the extraction is performed at room T, while ET is about 1 h, although longer ET has been reported. Three pretreatment procedures revealed that ultrasound-assisted extraction (UAE) was particularly successful. The impacts of four parameters on extraction efficiency were also studied (ultrasonic power, extraction time, flow rate, and algal concentration, in that order) (Zhao et al., 2013).
Microwave-assisted extraction (MAE)
One of the most promising methods for extracting high yields of phytochemicals (i.e., polysaccharides, proteins-peptides, lipids, polyphenols, and carotenoids) from macroalgae is microwave-assisted extraction (MAE), which also uses less energy, organic solvents, and waste production than traditional extraction methods (Gomez et al., 2020). Microwaves create heat by interacting with polar chemicals in the marine algae matrix, such as water and some organic components, using the ionic conduction and dipole rotation mechanisms (Michalak and Chojnacka, 2014; Sosa-Hernández et al., 2018). In MAE, heat and mass transfers are in the same direction, resulting in a synergistic effect that speeds up extraction and improves extraction yield. MAE use has numerous benefits, including increased extract yield, reduced thermal degradation, and selective heating of vegetal material. MAE is also classified as a green technique because it uses fewer organic solvents. MAE procedures are classified into two types: solvent-free extraction (often for volatile compounds) and solvent extraction (typically for non-volatile substances) (Rodriguez-Jasso et al., 2011).
Pulsed electric field extraction (PEF)
Because it can improve mass transfer during extraction by disrupting membrane structures, pulsed electric field extraction greatly boosts extraction yield and decreases extraction time. PEF treatment success is determined by several factors, including field strength, specific energy input, pulse number, and treatment temperature. PEF extraction is a non-thermal approach that reduces thermolabile chemical degradation (Kempkes, 2016). Three Icelandic marine algae aqueous extracts, created by pulsed electric fields (PEF), underwent a screening for possible cosmetic uses. In terms of polyphenol, flavonoid, and carbohydrate content, PEF-produced extracts from U. lactuca, Alaria esculenta, and Palmaria palmata were compared to the conventional hot water extraction. PEF demonstrated outcomes comparable to those of the conventional method while demonstrating various benefits, including its non-thermal nature and quicker extraction time (Castejón et al., 2021).
Enzyme-assisted extraction (EAE)
According to earlier research, using enzymes to extract phytochemicals from terrestrial plants for food and nutraceuticals like EAE has several benefits over conventional extraction techniques. Due to the complex and varied structure and content of marine algae cell walls compared to those of terrestrial plants, it is challenging to apply EAE methods to recover active chemicals from marine algae. Particularly, cellulose and hemicellulose predominate in marine algae walls, making them chemically more complex than those of land plants. The ability of enzymes to hydrolyze marine algae cell wall components, destroying its structural complexity by generating an enzyme-substrate binding complex, and releasing the cell content into the environment is generally what causes EAE for marine algae (Michalak and Chojnacka, 2014; Sosa-Hernández et al., 2018). Marine algae biomass is handled with enzymes as a processing ingredient in the majority of investigations on the enzymatic hydrolysis of marine algae. Therefore, the majority of investigations focus on EAE rather than a particular enzymatic hydrolysis. Carbohydrases and proteases are the two enzymes that are most frequently utilized to extract bioactive chemicals from marine algae. A few of the often used enzymes are xylanase, agarase, Alcalase®, amylase, arabinase, carrageenanase, Celluclast®, cellulase, Flavourzyme®, glucanase, KojizymeTM, Neutrase®, protease, and Ultraflo® (Sanjeewa et al., 2023).
SEPARATION TECHNIQUES
The components in the extract from the preceding procedures are complicated and contain a variety of natural products that must be separated and purified further to achieve the active fraction or pure natural products. The separation is determined by the physical or chemical differences between each natural product. Chromatography, particularly column chromatography, is the most common method for isolating pure natural compounds from a complicated mixture. Separation techniques shall be discussed in the following subsections.
Separation based on adsorption properties
Adsorption column chromatography
Because of the simplicity, high capacity, and low cost of adsorbents such as silica gel and macroporous resins, adsorption column chromatography is frequently employed for the separation of metabolites, particularly in the first separation step. The separation is based on differences in the adsorption affinities of the natural products for the adsorbent surfaces. The choice of adsorbents (stationary phase) and mobile phase is critical for achieving effective separation of metabolites, maximizing target compound recovery, and avoiding irreversible adsorption of target compounds onto the adsorbents. In phytochemical research, silica gel is the most employed adsorbent. It was estimated that silica gel was used in about 90% of phytochemical separation (preparative scale). Silica gel is a silanol-containing polar absorbent. The silica gel holds molecules in place via hydrogen bonding and dipole-dipole interactions. As a result, metabolites last longer in silica gel columns than nonpolar ones. Certain polar metabolite compounds may experience irreversible chemisorption at times. Adsorption is reduced when silica gel is deactivated by adding water before usage or by using a mobile phase containing water. When separating alkaloids on silica gel, severe tailing may occur; however, the addition of a small amount of ammonia or organic amines such as triethylamine may minimize the tailing. Caulerpa taxifolia extract was used to extract an active inhibitor called caulerpenyne, which was then purified using ethyl acetate extraction and subsequent chromatography on silica gel columns (Bitou et al., 1999; Rushdi et al., 2020a). Sulfoquinovosyl diacylglycerol (SQDG) has been isolated from the red algae Osmundaria obtusiloba that grows on the coast of southeast Brazil. Chloroform/methanol was used to extract the acetone-insoluble material, and the glycolipid-enriched lipid fraction was separated on a silica gel column before being eluted with acetone, chloroform, and finally methanol (De Souza et al., 2012; Rushdi et al., 2020b). A new sterol, 24-R-stigmasta-4,25-diene-3,6-diol, was isolated from the green algae Codium divaricatum Holmes, a traditional Chinese medicine that is effective against cancer, along with three other sterols: clerosterol, loliolide, and 24-R-3-O-d-glucopyranosyl-stigmasta-5,25-diene. Si-gel CC (160–200 and 300–400 mesh) was used for column chromatography (He et al., 2010). Utilizing preparative circular chromatography (Chromatotron) on silica gel in an N2 environment with n-hexane/acetone 8:2 as the mobile phase, carotenoids such as peridinin and β -carotene were extracted from Gonyaulax polyedra (Pinto et al., 2000). An easy-column method that requires minimal reagent to separate aromatic hydrocarbons, particularly polycyclic aromatic hydrocarbon compounds (PAHs), from crude oils. To successfully separate PAHs into sub-fractions, it was necessary to identify the most effective and dependable column chromatography approach. Investigators discovered that a successful column chromatography separation depends on the type of column that is used. Analysis showed that the silica-alumina (1:1) column is selected to be the best among the two columns (alumina and silica-alumina 1:1) for separating PAHs into various sub-fractions when using alumina and silica-alumina at a ratio of 1:1 for the separation of the aromatic fraction (Rushdi et al., 2021; Konan et al., 2022). Alumina (aluminum oxide) is a strong polar adsorbent that is utilized in the separation of natural compounds, particularly alkaloids. Adsorption on alumina differs from that on silica gel due to the strong positive field of Al3+ and the basic sites in alumina affecting readily polarized molecules. Because alumina can promote dehydration, breakdown, or isomerization during separation, its use in natural product separation has declined dramatically in recent years (Zhang and Su, 2000). Polyamides used in chromatography have both acryl and amide groups in their structures. Depending on the mobile phase composition, hydrophobic and/or hydrogen bond interaction will occur in polyamide column chromatography. When polar solvents, such as aqueous solvents, are employed as the mobile phase, polyamides serve as the non-polar stationary phase, and the chromatography behaves similarly to reversed-phase chromatography. Polyamides, on the other hand, operate as the polar stationary phase, and the chromatographic behavior is identical to that of normal phase chromatography. Polyamide column chromatography is a well-established method for separating natural polyphenols such as anthraquinones, phenolic acids, and flavonoids, the mechanisms of which are attributed to the creation of hydrogen bonds between polyamide absorbents, mobile phase, and target metabolites. The chromatographic behavior of polyphenols on polyamide columns, including phenolic acids and flavonoids, the polyamide was discovered to operate as a hydrogen bond acceptor, and the number of phenolic hydroxyls and their locations in the molecule controlled the adsorption strength. Polyamide column chromatography was used to enhance the total saponins of Kuqingcha, Adsorptive macroporous resins are polymer adsorbents with macroporous structures but no ion exchange groups that can absorb practically any natural substance selectively. Because of their features, such as strong adsorptive capacity, cheap cost, fast regeneration, and easy scale-up, they have been frequently utilized as a standalone system or as part of a pretreatment process for eliminating contaminants or enriching target compounds. Electrostatic forces, hydrogen bonding, complex formation, and size-sieving processes between the resins and the natural products in solution are among the adsorptive mechanisms of adsorptive macroporous resins. The main elements influencing resin capacity are surface area, pore diameter, and polarity. Silver nitrate is another useful solid support in the separation of natural products. Natural products containing electrons reversibly interact with silver ions to form polar complexes. The greater the number of double bonds or aromaticity of the natural product, the stronger the complexation forms.
Flash chromatography
Conventional column chromatography takes a long time. Therefore, this issue is solved by flash chromatography, which forces the mobile phase through the column at a medium pressure of roughly 10 psi of nitrogen or air. Poor separation efficacy was the outcome of the rapid mobile phase rate (Kondeti et al., 2014) Therefore, flash chromatography uses significantly smaller silica gel particles (230–400 mesh) (40–60 μm) in a short glass column with a large inner diameter in order to increase the quality of column separation (Roge et al., 2011).
These days, a number of automated flash purification systems include automated fraction collectors and microcomputer-controlled detectors in addition to prepacked cartridges with various silica weights and particle sizes through which solvent is delivered by high efficiency solvent pumps. A dual column flash chromatography method was also used in several investigations (Surve et al., 2023).
Several studies have reported the use of flash chromatography to isolate various bioactive compounds from microalgae. For example, high purified lutein was isolated from Chlorella regularis using hexane as the first eluent, which yielded a mixture of α,β carotenes. The eluent was then changed to hexane-acetone-chloroform (7:2:1 v/v) to isolate lutein with a 60% yield (Shibata et al., 2004).
Another study employed gradient elution of petroleum ether and acetone at a flowrate of 8.0 mL/min to purify the carotenoids content of Asteracys quadricellulare microalgae using automated flash chromatography. The findings indicated the presence of β-carotene, lutein, canthaxanthin, and astaxanthin at concentrations of 47, 15.5, 14, and 28.7 μg/mg dry weight biomass, respectively (Singh et al., 2019).
In addition to isolating carotenoids, flash chromatography can also separate other beneficial substances including omega 6 polyunsaturated fatty acids. Due to the high gamma linolenic acid content of Spirulina sp., a study was conducted to assess the viability of using flash chromatography to separate methyl gamma linolenate from Spirulina platensis. According to the findings, an Isolera automated high performance flash chromatographic system using a hexane-acetone (6:4) solvent solution was able to isolate methyl gamma linolenate with a yield of 71% w/w (S et al., 2015).
Macroporous adsorption resin
A separation material that combines adsorption and screening is macroporous resin, commonly referred to as large grid adsorbent. A nonionic polymer with stable characteristics is macroporous resin. It does not interact with inorganic salts, strongly ionic chemicals, or low molecular weight molecules, and it is insoluble in alkalis and organic solvents. The separation, extraction, and purification of natural goods now employ it extensively. Leyton et al. (2017) assessed the adsorption capability of six resins (HP-20, SP-850, XAD-7, XAD-16N, XAD-4, and XAD-2) to purify the phlorotannins. Phlorotannins that had been purified with XAD-16N showed the best efficiency (42%), under the same adsorption duration. The active components in Macrocystis pyrifera might be isolated using a macroporous adsorption resin called HP-20 as an adsorbent and a methanol-water system as an elution agent (Zheng et al., 2022).
Preparative thin layer chromatography
In thin layer chromatography (TLC), a uniform thin layer is created by coating glass plates, plastic, or aluminum substrates with a suitable stationary phase, such as silica gel, diatomaceous earth, alumina, or microcrystalline cellulose, and uniformly grinding an adhesive. The retardation factor (Rf) is compared with the Rf of the reference substance solution after the capillary spotting has been unfolded in an organic solvent to identify the active metabolites, check for impurities, and ascertain the quantity. This technique is quick, sensitive, and simple to use. For better separation and purification of brown algae polyphenols, thin-layer chromatography can be combined with column chromatography and the macroporous adsorption resin technique (Zheng et al., 2022). The chlorophylls and carotenoids of green algae and brown algae were separated using thin layers of specially produced sucrose. Pigments separated included chlorophylls a, b, and c, pheophytins a and b, carotenes, lutein, violaxanthin, neoxanthin, diatoxanthin, diadinoxanthin, dinoxanthin, fucoxanthin, neo fucoxanthin, peridinin, neo peridinin, and other minor metabolites. On this adsorbent, there was no pigment degradation, and after two-dimensional chromatography, recoveries of 1–2 g of various colors averaged 95%. Thin layers of cellulose were used to separate chlorophyll degradation products that could not be separated on sucrose plates, whereas quantitative thin layers of polyethylene were used to separate chlorophyll c derivatives and thin layers of quantitative thin layers of alumina-magnesium oxide to separate carotene isomers. The techniques are quick and easy, yet because of the sensitivity (Jeffrey, 1968).
Preparative high-performance liquid chromatography
A large inner diameter, high load separation column is used in preparative high-performance liquid chromatography (Prep-HPLC), which allows for highly effective extraction and purification of raw materials. Its basic operation is to use a high-pressure infusion pump to convert the liquid used as the mobile phase into the column. To accomplish the goal of separating each component, the mobile phase and fixed phase’s composition and affinities are distinct, allowing them to flow out of the stationary phase sequentially (López et al., 2011). The isolation of monomeric phlorotannins can be accomplished using the octyl decyl silane (C18) column as the stationary phase, elution with methanol-water, 230 nm UV detection, and continual technique improvement (Kim J. et al., 2016b).
Preparative ultra-high performance liquid chromatography
Hexadeca-4Z,7Z,10Z,13Z-tetraenoic acid, which has been linked to decreased cisplatin efficacy, is abundant in the Undaria pinnatifida algae. Undaria pinnatifida was employed as the raw material for its extraction to produce an extract of these −3 polyunsaturated fatty acids that were high in fatty acids for use as an analytical standard. A two-step extraction procedure using 3-aminopropyl silica, and a normal-phase elution mode was devised. It starts with a liquid-liquid extraction and is followed by a solid-phase extraction. The simultaneous comprehensive group selective fatty acids profiling in an untargeted manner and the quantitative analysis of the targeted fatty acid were made possible by ultra-high performance liquid chromatography with electrospray ionization tandem mass spectrometry method. High-resolution product ion spectra were used to identify hexadeca-4Z,7Z,10Z,13Z-tetraenoic acid (Schlotterbeck et al., 2018).
Separation based on partition coefficient
Partition chromatography (PC) is based on the idea of liquid-liquid extraction, which is based on the relative solubility of two separate immiscible liquids. As the stationary phase, one liquid phase was coated on a solid matrix (silica gel, carbon, cellulose, etc.) while another liquid phase was used as the mobile phase. Because of the disadvantages of an easily removed stationary phase and unrepeatable findings, this type of PC is rarely utilized any more. These limitations are overcome by the bonded phase, in which the liquid stationary phase is chemically attached to the inert support employed as the stationary phase. Commercially accessible alkyl (C8 and C18), aryl, cyano, and amino-substituted silanes are frequently utilized as bound phases in the separation of a wide range of materials. Diphlorethohydroxycarmalol (DPHC), one of the principal components of Ishige okamurae, is recognized for its antiviral and anti-inflammatory properties. To successfully separate significant amounts of antioxidant chemicals from marine algae, preparative centrifugal partition chromatography (CPC) in conjunction with 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS+) online HPLC was used. By using ABTS+ online HPLC and preparative CPC systems, two major antioxidant chemicals, DPHC and octaphlorethol A (OPA), respectively, were verified and extracted from the ethyl acetate (EtOAc) fraction of I. okamurae. Both liquid chromatography with diode array detection and electrospray ionization mass spectrometry (LC-DAD-ESI/MS) and ABTS+ online HPLC systems were used to validate the presence of DPHC and OPA in the EtOAc fraction of I. okamurae: DPHC (39 mg) and OPA (23 mg) (Kim H.-H. et al., 2016a). A typical brown alga found in the Laminariaceae family, Isenia bicyclis (Kjellman) Setchell is found near the coasts of China, Japan, and Korea. It contains fucoxanthin, using a novel separation technique called centrifugal partition chromatography (CPC). The investigation’s objective was to quantify and prepare isolate fucoxanthin from fresh Eisenia bicyclis. The solvent partition method was used to create the fucoxanthin fraction (Fuco fraction) from the acetone extract of fresh E. bicyclis. Using a two-phase solvent solution of n-hexane, ethyl acetate, ethanol, and water (5:5:7:3, v/v/v/v), fuco fraction was employed for CPC. The mobile phase was flowing at a rate of 2 mL/min while rotating at 1,000 rpm. 410 nm was used to monitor the eluate. HPLC, UV, APCI/MS, and NMR spectra were used to establish the presence and chemical composition of fucoxanthin in the CPC fraction., From 516 mg of fuco fraction containing 4.59% fucoxanthin, a preparative CPC produced 20 mg of fucoxanthin (87% recovery from fuco fraction) in a two-step separation. In the first CPC phase, the purity of the extracted fucoxanthin was approximately 81%, and over 98% (Kim et al., 2011). It has been established that Sargassum horneri contains a significant class of bioactive compounds called phytosterols. This study suggests using counter-current chromatography to separate phytol and two analog sterols from a crude S. horneri extract. The n-hexane-acetonitrile-methanol (5:5:6, v/v) two-phase solvent solution was chosen and optimized. Careful research was done on how rotating speed and flow rate affected the retention of the stationary phase. The ideal conditions led to the baseline separation of phytol and its two analog sterols, fucosterol and saringosterol, yielding 19.8 mg phytol, 23.7 mg fucosterol, and 3.1 mg saringosterol (Xia et al., 2019). For the quick extraction of phytosterols from edible sea algae, a method using microwave-assisted extraction in conjunction with high-speed counter-current chromatography and a UV detector was developed. Orthogonal array design was used to improve the extraction conditions, including the microwave power, liquid/solid ratio, irradiation period, and extraction temperature. Undaria pinnatifida and Sargassum fusiforme’ microwave-assisted extractions were separated and purified using a non-aqueous two-phase solvent solution made up of n-hexane, acetonitrile, and methanol (5:5:3, v/v/v). The isolation took less than 220 min, and 15.0 g of U. pinnatifida yielded 13.0 mg of fucosterol, 1.5 mg of 24-methylene cholesterol, and 10.7 mg of phytol, while 15.0 g of S. fusiforme yielded 4.6 mg of fucosterol, 0.3 mg of 24-methylene cholesterol, and 3.5 mg of phytol. All items had purity levels of over 97% (Xiao et al., 2013).
Separation based on the molecular size
Natural products are separated using membrane filtration (MF) or gel filtration chromatography (GFC) based on their molecular sizes. The purifying procedure may use membrane filtration or gel filtration chromatography.
Membrane filtration (MF)
The semipermeable membrane in MF lets tiny molecules pass through while retaining larger molecules. Based on the pore size of the membrane used, natural product MF can be classified as microfiltration, ultrafiltration, or nanofiltration. Membrane filtration has proven to be an effective method for impurity concentration, clarity, and removal in the laboratory, as well as in the food and pharmaceutical industries. A commercially accessible, industrial-scale setup was employed. In both filtering setups, a variety of membrane materials, including polyether sulfone, polyacrylonitrile, etc., and mean pore sizes (ranging from 7,000 Da to 0.2 m) (Nurra et al., 2014). Many biomolecules from various sources are separated and purified using ultrafiltration. However, the transmembrane flux, yield, and purity of ultrafiltration differ depending on the biomolecule and process parameters. In the current investigation, R-Phycoerythrin was extracted from the marine macroalgae Gelidium pusillum using ultrafiltration. Standardized parameters were transmembrane pressure (1, 2, and 4 bar), pH (4, 5, 6, and 7), ionic strength (control, 0.5 and 1.0 M), and molecular weight cut-off (30, 50, 100, and 300 kDa). To maximize R-Phycoerythrin purity, ultrafiltration in diafiltration mode and its integration with ammonium sulfate precipitation and aqueous two-phase extraction were also used. The transmembrane (permeate) flux was improved by in-situ ultrasonication (Mittal et al., 2020). Attention has been drawn to membrane separation methods such as diafiltration, ultrafiltration, reverse osmosis, and nanofiltration for the fractionation of marine algae polysaccharides for their potential industrial uses (Xu et al., 2017).
Gel filtration chromatography (GFC)
Gel permeation chromatography and size exclusion chromatography are other names for gel filtration chromatography. Small molecules are retained in GFC for a longer period than big compounds. Sephadex is made by cross-linking dextran, and the G-types of Sephadex have been utilized to separate hydrophilic molecules such as peptides, oligosaccharides, and polysaccharides. Sephadex LH20, a hydroxypropylated derivative of Sephadex G25, is hydrophobic as well as hydrophilic. Separation with Sephadex LH-20 also included an adsorption mechanism. Sephadex LH-20 can be used to separate a wide range of natural products in both aqueous and non-aqueous solvent systems. By combining affinity chromatography on pig stomach mucin-Sepharose 6B and gel filtration on Sephadex G-50, a lectin from the green marine algae U. lactuca was recovered. The lectin was divalent cation dependent and stable across a range of pH and temperature (Sampaio A. et al., 1998). Affinity chromatography was used to separate a lectin from the red marine algae Ptilota filicina (PFL) on cross-linked guar gum. PFL was found to be low in basic amino acids but high in acidic and hydroxyl amino acids (Sampaio A. H. et al., 1998).
Separation based on ionic strength
Ion-exchange chromatography (IEC) separates molecules based on their net surface charge differences. Some natural compounds, such as alkaloids and organic acids with ionizing functional groups, may be separated using IEC. By varying the ionic strength of the mobile phase (e.g., changing pH or salt content), charged molecules could be captured and released by ion-exchange resin. Alkaloids were separated using cation ion-exchange resins, while natural organic acids and phenols were separated using anion ion-exchange resins. R-phycoerythrin was isolated and purified from Gracilaria verrucosa using ion-exchange chromatography and an expanded-bed adsorption column, which successfully addresses the issue of chromatographic column blockage brought on by polysaccharides during the isolation and purification of phycobiliproteins. The expanded-bed column could be best eluted with 0.1 M (NH4)2SO4, and the R-phycoerythrin was purified using an ion-exchange column with desalted 0.1 M (NH4)2SO4 eluate and the yield of purified R-phycoerythrin can reach 0.141 mg/g of the frozen algae (Wang, 2002). Column chromatography techniques like ion-exchange, size-exclusion, and affinity chromatography were predominantly used to purify polysaccharides. The separation of neutral/acidic polysaccharides from negatively charged polysaccharides by gradient salt elution or a change in pH is often a good fit for ion-exchange chromatography. Laminaria japonica aqueous extracts were fractionated using gradient elution with 0.7–0.8 mol/L NaCl on a diethylamino ethyl (DEAE)–A25 anion-exchange column. Polysaccharides from marine algae with various molecular weights or sizes can be separated using size-exclusion chromatography. Three fractions of low molecular weight oligosaccharides were then collected from a Bio-gel P-4 size-exclusion column after enzymatic hydrolysis of a sulfated polysaccharide from green algae that had initially been purified using a Sephacryl S-300 HR size-exclusion column (Xu et al., 2017) Using extraction with 20 mM PBS, precipitation with 70% saturated ammonium sulphate, ion-exchange DEAE-Cellulose chromatography, and RP-HPLC, a lectin from the red marine algae Hypnea musciformis (HML) was isolated. Under certain MALDI-TOF/MS settings, the 9.3 kDa polypeptide exhibits oligomerization tendencies and agglutinates erythrocytes from a variety of sources. N-terminal sequencing preliminary (Nagano et al., 2002).
Preparative gas chromatography (Prep-GC)
With its high separation efficiency and rapid separation and analysis, gas chromatography (GC) has the potential to be the ideal preparative technology for the separation of volatile substances. Due to a lack of commercially available equipment, the injection port, column, split device, and trap device of GC equipment must be adapted for preparative separation. Prep-GC. Prep-GC has become a popular approach for separating natural volatile chemicals; nevertheless, a larger sample load and the use of a large-diameter preparative column reduced efficiency. Meanwhile, the disadvantages of Prep-GC, such as the lack of commercial Prep-GC equipment, the large volume of carrier gas consumed, the decomposition of thermolabile compounds at high operation temperatures, the difficulties of fraction collection, and low production, continue to limit its use. Polychlorinated biphenyls (PCBs), organochlorine pesticides (OCPs), polycyclic aromatic hydrocarbons (PAHs), and brominated flame retardants (BFRs) have all been the subject of analysis in marine laboratories since the 1960s. While gas chromatography (GC) has been heavily utilized in the ultimate assessment of these pollutants, column chromatography and liquid chromatography (LC) techniques have been used mostly in the clean-up phase. The usage of packed GC columns, capillary columns, heart-cut multi-dimensional GC, and complete multi-dimensional GC have all undergone developments (de Boer and Law, 2003). The methods for sampling and cleanup, fractionation and enrichment of marine pollutants, capillary gas chromatography (cGC), and high-performance liquid chromatography using both conventional and chiral stationary phases are all covered in the chromatographic separation of marine organic pollutants. For polychlorinated biphenyls (PCBs), the potential of multi-dimensional cGC for the investigation of marine organic trace contaminants is highlighted. An additional perspective on the hazardous potential of these marine organic pollutants comes from the chromatographic separation of coplanar PCBs and the enantiomers of chiral contaminants (Hühnerfuss and Kallenborn, 1992).
Supercritical fluid chromatography (SFC)
The mobile phase in SFC is a supercritical fluid. SFC combines the benefits of both GC and liquid chromatography (LC) since supercritical fluids have the high dissolving capability, high diffusivity, and low viscosity, allowing for rapid and efficient separation. As a result, SFC can utilize a longer column and smaller stationary phase particles than HPLC, resulting in a higher number of theoretical plates and better separation. SFC can be used to separate non-volatile or thermally labile chemicals that GC cannot separate. SFC systems work with a variety of detectors, including those found in LC and GC systems (Taylor, 2010). Because the polarity of the generally utilized mobile phase, S-CO2, in SFC is close to that of hexane, Supercritical fluid chromatography (SFC) is a developing technique for preparative separation because it uses supercritical fluids, which significantly reduces the need for organic solvents and because new hardware has recently become commercially available, making SFC an attractive alternative. Regarding selectivity, adaptability, and sensibility, SFC meets high standards. High-value chemicals from natural sources can be fractionated or purified by SFC (Montañés and Tallon, 2018). Instrumentation for SFC can be obtained commercially or by adapting systems used for either liquid chromatography (LC) or gas chromatography (GC). Most detectors used in GC and HPLC can be used with SFC, but flame ionization detectors (FID) and ultra-violet (UV) are used. Coupled detectors employed are Mass spectrometry (MS) and Fourier-transform infrared spectroscopy (FTIR). SFC is faster than LC because supercritical fluids have low viscosities and less pressure drop across the column. SFC advantages compared to GC include that no derivatization is needed, and it is possible to analyze thermally labile compounds and solutes of higher molecular weight (West and Lesellier, 2011). Open tubular and packed columns are used. Currently, all companies manufacturing SFC-packed columns are offering a similar catalog of products. Due to the finite body of knowledge of the interaction between analytes and SFC systems, it is difficult to select the most appropriate stationary phase a-priori (West and Lesellier, 2006). Due to the high solubility of these analytes in supercritical CO2. SFC now has access to a significantly wider range of polar application locations thanks to innovations in mobile phases. Peptides, phospholipids, polyphenols, naturally occurring antioxidants, trace sugars, and alkaloids are just a few examples. The ability of SFC to analyze more polar substances, like amino acids or carbohydrates, has been demonstrated in several experiments employing mobile phases adjusted with a specific amount of water (Fornari and Stateva, 2015). Polyunsaturated omega-3 fatty acid concentrations, carotenoid-rich extracts, and phospholipid-rich extracts from marine sources. The use of ultra-high pressures for CO2 extraction, the use of propane and dimethyl ether as substitute extraction solvents, and the production of omega-3 concentrates using semi-preparative supercritical chromatography are the main research and development trends observed in the processing of feed streams to produce these high value lipid products (Catchpole et al., 2018).
Rapid resolution liquid chromatography
Both purple perilla leaf (Perilla frutescens var. crispa) and green perilla leaf (Perilla frutescens var. frutescens) are varietal varieties of the herb Perillae Folium (PF), which is widely used as a dietary vegetable and medicinal herb. The components and effectiveness of many PF variations, however, have not yet been thoroughly studied. The difference in chemical contents between green PF and purple PF was investigated in the current work using a nontargeted rapid resolution liquid chromatography coupled with a quadruple-time-of-flight mass spectrometry (RRLC-Q/TOF-MS)-based metabolomics technique. Seven phenolic acids, ten flavonoids, and nine anthocyanins were identified or possibly recognized as differential metabolites out of a total of 71 substances. Additionally, heatmap visualization and quantitative analysis based on ultra-performance liquid chromatography combined with triple-quadrupole tandem mass spectrometry (UPLC-TQ-MS/MS) were revealed. compositions that fall between purple and green PF. Seven phenolic acids, ten flavonoids, and nine anthocyanins were identified or possibly recognized as differential metabolites out of a total of 71 substances. Additionally, a quantitative investigation based on UPLC-TQ-MS/MS-based ultraperformance liquid chromatography and triple-quadrupole tandem mass spectrometry (UPLC-TQ-MS/MS) showed that flavonoids and anthocyanins in particular had higher levels in purple PF. Furthermore, human umbilical vein endothelial cells (HUVECs) and zebrafish were used to test the anti-oxidative properties of two different PFs. Due to the presence of anthocyanins and a higher concentration of flavonoids in the purple PF’s phytochemical profile, the purple PF’s anti-oxidative activities were more prominent than those of the green PF, according to the results. The findings of the current investigation (Zheng Y.-F. et al., 2020). For the extraction and identification of isoflavones in freshwater and saltwater algae as well as cyanobacteria, a new hyphenated approach was created. The procedure includes preparation of the sample with sonication, extraction using supercritical CO2 modified by 3% (v/v) of MeOH/H2O mixture (9:1, v/v) at 35 MPa and 40°C for 60 min, rapid chromatographic analysis using Agilent 1,200 Series Rapid Resolution, and MS/MS determination. With a linear gradient (30% B at 0 min, from 0 min to 3 min up to 50% B, from 3 to 5 min), an Agilent 1,200 Series RRLC was used with a Zorbax SB-CN chromatographic column (100 and 2.1 mm, particle size 3.5 m), 3 L injection volume, and mobile phase made up of 0.2% (v/v) acetic acid in water (solvent A) and acetone (Klejdus et al., 2010). Agilent 1,200 Series RRLC was used with Zorbax SB-CN chromatographic column (100 and 2.1 mm, particle size 3.5 m), 3 L injection volume, mobile phase made up of 0.2% (v/v) acetic acid in water (solvent A) and acetonitrile (solvent B), and linear gradient (30% B at 0 min, 50% B at 3 min, 80% B at 6 min, and 30% B at 10 min) were all used. The column oven’s temperature was 35°C, and the flow rate was 0.4 mL/min. Under the following circumstances, the MS detector Agilent Technologies 6,460 Triple Quadrupole LC/MS with Agilent Jet Stream was employed in a negative ESI mode: 350°C for the gas, 13 L/min for the flow, 50 psi for the nebulizer gas, and sheath gas (Klejdus et al., 2010).
Molecular imprinted technology
Because of its unique characteristics, such as high selectivity, cheap cost, and ease of preparation, molecular imprinting technology has been an appealing separation approach throughout the previous decade. When the template molecules are removed from the molecular imprinted polymer (MIP), several complementary cavities with the memory of the template molecules’ size, shape, and functional groups are formed. As a result, the template molecule and its analogs will have specific recognition and adsorption for the MIP. MIPs have been frequently utilized to enrich minor components in the separation of natural products or as solid-phase extraction sorbents for sample preparation of herbal items. Through food chains, paralytic shellfish toxins (PSTs) endanger human health. For forecasting the safety of seafood, it is essential to comprehend how PSTs vary in seawater. Because of the extremely low concentrations and matrix interferences, most documented methods for the detection of PSTs in microalgae or shellfish are not relevant in saltwater. Molecularly imprinted solid-phase extraction (MISPE), quadrupole exactive orbitrap, and high-resolution mass spectrometry (HRMS) are considered excellent methods for minimizing matrix interference. Two typical marine toxins found in PSTs are GTXs 2 and 3. In this study, a sensitive technique with a limit of detection (LOD) of 47.4 ng/L in seawater was established using liquid chromatography (LC-HRMS) and MISPE (Zhang et al., 2020).
Simulated moving bed chromatography
Multiple columns with stationary phases (bed) are used in simulated moving bed (SMB) chromatography. The bed’s countercurrent movement is imitated by rotary valves that alternately switch the intake (feed and eluent) and outlet (extract and raffinate). The SMB process is a continuous separation method and a potent tool for large-scale natural product separation, with the advantage of decreased solvent consumption over a shorter time. Using a simulated moving bed (SMB), the caulerpin was separated from other phytoconstituents in a feed that was isolated from Caulerpa racemose. The feed underwent pretreatment through ultrasonic separation and drying before separation in the SMB. Welch Ultimate AQ-C18 served as the stationary phase and 76% EtOH served as the eluent in the SMB columns. Caulerpin accumulated at the extract port while the other phytoconstituents accumulated at the raffinate port due to different affinities to the stationary phase and the eluent. Empirical research was done to determine the impact of three switching periods on the effectiveness of the separation and purification process. The average purity of caulerpin was 91.2, 99.0, and 99.3% for switching times of 3.5, 4.0, and 4.5 min, respectively (Kung et al., 2021). An effective method for producing fucose on a large scale from Undaria pinnatifida was created. The created procedure included a hydrolysis, several decolorization and deionization pretreatment steps, and a final stage of purification employing a well-devised simulated moving bed (SMB) procedure. First, it was determined what the ideal acid concentration and reaction duration were for the hydrolysis of marine algae. The hydrolysate produced by this experiment was then utilized to establish the ideal operating parameters for the pretreatment stage, which included electrodialysis, an activated-carbon treatment, and an ion-exchange processing to achieve decolorization and deionization (Hong et al., 2019).
Multi-dimensional chromatographic separation
The extract components subjected to separation were complicated, and no pure compound would be isolated in single-column chromatography. The separation effectiveness of multi-dimensional separation based on solid phase extraction and coupling of numerous columns with different stationary phases is considerably improved. Natural product separation is becoming quicker, more efficient, and automated as more commercial multiple-dimensional separation technology enters the market. Typically, the target chemical was enhanced through first-dimensional separation and purified through last-dimensional separation. Multi-dimensional separation can be accomplished with the same or other types of separation equipment (LC or GC).
As a carbon reservoir, dissolved organic matter (DOM) in freshwater and seawater (624 and 750 gT, respectively) is similar to atmospheric CO2. DOM and CO2 are closely related since CO2 is a major byproduct of DOM mineralization, yet DOM is still largely uncharacterized and contains a variety of classes of chemicals in quantities ranging from picomolar to micromolar. Due to considerable co-elution, traditional liquid and gas chromatographic analyses are hindered by the complexity of DOM. Alternate multi-dimensional chromatographic methods to fractionate and isolate single chemicals from this organic pool to get over the analytical difficulties caused by DOM. First, DOM elements were fractionated according to size and polarity using size exclusion chromatography (SEC) and reversed-phase liquid chromatography-tandem mass spectrometry (RP-LC-MS/MS) (Sandron, 2014).
Nanomaterials (NMs) and nanostructures can be characterized using mass spectrometry (MS), which provides trustworthy multi-dimensional data made up of precise mass, isotopic, and molecular structural information. MS has become a potent method for nano-characterization over the past 10 years. The capabilities of MS in numerous aspects of nano-characterization are thoroughly summarized in this paper, considerably enhancing the toolkit for nano research. MS has distinct characteristics for real-time monitoring and tracking reaction byproducts and intermediates in comparison to other characterization approaches (Huang et al., 2021). High-performance liquid chromatography coupled to inductively coupled mass spectrometry (HPLC-ICP-MS) has been developed as a method for identifying arsenic species in marine samples. The separation of a significant number of arsenicals present in the samples was accomplished using cation exchange HPLC with gradient elution utilizing pyridine format as the mobile phase. Overnight mechanical agitation and a 50% (v/v) methanol-water solution were used to extract the various arsenic species. While the cationic arsenocholine ion and tetramethylarsonium ion were unaffected, the effect of the sample matrix on HPLC retention time for arsenobetaine and dimethylarsinoylacetic acid was dramatic. Low detection limits of 0.002–0.005 μg/g dry mass for the various arsenic species were obtained (Sloth et al., 2003).
PRESERVATION OF ALGAE-DERIVED BIOACTIVE COMPONENTS
Marine algae are regarded as a significant source of bioactive substances, including sterols, β-carotenes, sulfated polysaccharides, and polyunsaturated fatty acids. These bioactive ingredients are highly sensitive to heat, light, and oxygen, and they have a poor stability in storage. Furthermore, a lot of the bioactive components found in microalgae undergo physical or chemical changes after ingestion due to exposure to various gastrointestinal tract conditions. These changes result in various metabolic reactions that can change the functional groups of these components, which can change their biological activities and lead to low bioavailability (Bonilla-Ahumada et al., 2018). Thus, in addition to enhancing the delivery and absorption of these substances, it is crucial to investigate other approaches for maintaining the bioactive components of microalgae.
Microencapsulation and nanoencapsulation offer a workable solution to the stability and bioavailability issues associated with microalgae products. Encapsulation is the process of packing tiny core material particles into wall material to create capsules that protect the bioactive components of microalgae and increase their shelf life while also encouraging a controlled release of the encapsulate.
The first kind of encapsulation is called microencapsulation, and it involves packaging minuscule amounts of liquids, solids, and gaseous materials that range in size from submicron to several millimetres. The most used encapsulation method is spray drying (Nazzaro et al., 2012).
The second type of encapsulation is called nanoencapsulation, and it works on the same principles as microencapsulation. The primary distinction is the size of the particles, which can range in diameter from 1 to 1,000 nm. Because of their small size, nanoparticles have a higher surface area and are more soluble, which increases the absorption of the core ingredient (Pinto Reis et al., 2006).
The microencapsulation of fresh algal biomass of Tetraselmis chuii, a rich source of β-carotenes, has demonstrated the great preservation efficiency of the approach. The findings demonstrated that even after 3 months of storage in the dark at 25°C, Tetraselmis chuii had kept 80%–92% of β-carotenes and 46%–81% of phenolic compounds in the microencapsulated specimen. Consequently, microencapsulation may be a more effective method of microalgae product preservation (Bonilla-Ahumada et al., 2018).
Using nanoencapsulation to increase the bioavailability of fucoxanthin from Phaeodactylum tricornutum is another way to increase the bioavailability of microalgae bioactive components. The study created two different kinds of nanoparticles: one type used chitosan, while the other type used casein and alginate. Controlled release of fucoxanthin was seen in both varieties of nanoparticles during enhanced gastrointestinal digestion. Furthermore, after oral administration, the pharmacokinetic behaviour of fucoxanthin demonstrated a 31.8% increase in its absorption in mouse plasma (Koo et al., 2023).
TARGETTED ALGAE-DERIVED PRODUCTS
Various constituents of macroalgae or marine algae were successfully isolated, including pigments, polysaccharides, fatty acids, and polyphenolics. In the following subsections, each component shall be discussed and summarized in different tables, Supplementary Tables S1–S4, regarding its types, botanical origin, method of extraction, and yield for comparative purposes between conventional and modern techniques. Prokaryotic and eukaryotic marine algae have been demonstrated in earlier research to be capable of creating a wide range of useful compounds, which can be recovered in biorefineries and used in cleaner industrial processes (Cheng et al., 2022). In addition to being highly nutritious, marine algae are also a rich source of numerous biologically active compounds. As a result, they hold enormous promise for the creation of nutritious meals and medications. Polysaccharides, proteins, terpenes, pigments, sterols, polyphenols, γ-linolenic acid, superoxide dismutase, cyclic polysulfides, and macrolides are among the biologically active components found in marine algae.
Pigments
One class of potentially useful natural pigments is called carotenoids. They are composed of eight units, each containing five carbons with alternating single and double bonds. The carotenoid chain can form with either an oxygen functional group (astaxanthin) or a cyclic group (β-carotene) depending on the kind of metabolite (Murthy et al., 2005). Among the more than 400 carotenoids, astaxanthin, β-carotene, zeaxanthin, lutein, and so forth have been employed in industrial manufacturing (Berman et al., 2015). Dunaliella salina is a single-celled algae that grows and reproduces quickly, and it has a high rate of light energy conversion. When given the right conditions, this type of algae may produce huge amounts of β-carotene, which is around 500 times more than what carrots do (Boonyaratpalin et al., 2001). A naturally occurring carotenoid, fucoxanthin is extensively found in the cells of diatoms, brown algae, crypto algae, and dinoflagellates. Its allene bond and 5,6-monocyclic oxidation bond define it. Several positive health advantages of fucoxanthin and its derivatives, include impacts on weight loss, anti-inflammatory, anti-cancer, and hypertensive conditions (Xia et al., 2013). When compared to other microorganisms, Haematococcus pluvialis is one of the most plentiful sources of natural astaxanthin. As a result, it's critical to comprehend the entire astaxanthin biorefinery process, from assaying to processing as it moves downstream, for H. pluvialis. Recent advanced biorefinery techniques such as supercritical CO2 extraction, magnetic-assisted extraction, ionic liquids extraction, and supramolecular solvent extraction as well as conventional biorefinery methods such as mechanical disruption, solvent extraction, direct extraction using vegetable oils, and enhanced solvent extraction were used (Khoo et al., 2019). Supplementary Table S1 summarizes the pigments extracted from marine algae using conventional and advanced extraction.
Polyunsaturated fatty acids (PFA)
Microalgae PUFA, which is essential for human nutrition and wellbeing, is seen to be a feasible replacement for PUFA obtained from marine life. For long-term production, novel techniques can be applied to produce a sizable amount of polyunsaturated fatty acids from the biomass of microalgae species. A photobioreactor combined with lighting, such as blue or red light bulbs, can also promote the synthesis of eicosapentaenoic acid. Supercritical fluid extraction was found to be the most efficient method for obtaining polyunsaturated fatty acids from the biomass of microalgae species, including docosahexaenoic acid and eicosapentaenoic acid. Treatments based on plant hormones significantly enhance the amount of lipid molecules. For example, in Chlorella sp., the indole acetic acid dramatically increases the release of omega-3 fatty acids. This process allows for increased feedstock and omega fatty acid levels by inducing oxidative stress in Chlorella sp. and stimulating desaturase enzymes (Sivaramakrishnan and Incharoensakdi, 2020).
Proteins
Given its numerous nutritional benefits, protein is regarded as an essential component of the microalgae biomass biorefinery. The components of the algae cell wall are cellulose, β-glucans, hemicellulose, and polysaccharides. Selecting the right cell disruption approach depends on the microalgae cellular composition. Bead mills and high-pressure homogenizers are examples of mechanical cell damage. Chemical agents, such as NaOH, enzymes, and physicochemical procedures, are examples of non-mechanical cell disturbance methods (Hu et al., 2019). Depending on how quickly they dissolve in water after a disruption, algae proteins are separated from both solid phase and cellular debris before being concentrated. Ammonium sulfate precipitation and compounds that precipitate proteins can both be utilized (Raina et al., 2022). Affinity chromatography, ion exchange, hydrophobic interaction, and molecular separation are needed to purify proteins to maximize their commercial value. Maintaining a solvent system that guarantees the right pH, ionic strength, and salt type is necessary. High protein output was achieved by the researchers using a super-critical CO2 protein extraction approach (Obeid et al., 2018).
Polysaccharides
Polysaccharides are abundant in marine algae and come from a variety of sources. They are essential for preserving the physiological ecology of marine algae in addition to enhancing the body immune system (Zheng L.-X. et al., 2020). The two main extraction processes used in biorefineries are the traditional alkaline extraction technique and the acid and alkaline extraction process. Bull kelp Durvillaea potatorum was extracted using a two-step selective biorefinery process. The first step was an acidic extraction step that targeted the extraction of fucoidan/laminarin (F/L) fraction and acid-extractable alginate (acid-A1). The second step was an alkaline extraction step that targeted the extraction of alkaline extractable alginate (alkaline-A2). The purpose of the subsequent purification and refining processes is to further purify the final products. The first acidic extraction stage in the biorefinery process is crucial and unique. Three important process parameters—acid concentration (HCl), temperature, and time are optimized for this step (Abraham et al., 2019). Alginates are mostly composed of α-L-guluronic acid (G) and β-D-mannuronic acid (M). They are often taken out of Ecklonia maxima, Laminaria species, M. pyrifera, Ascophyllum nodosum, and Durvillea antarctica for commercial use. Large amounts of alginate are mostly stored in the cell walls of macroalgae. The molecular weight of alginates ranges from 500 to 1,000 kDa. Alginate molecular weight and M/G ratio are crucial in determining its chemical and physical characteristics. Higher viscosity and strong antioxidant activity have been shown in alginates containing more G blocks than M units (Abraham et al., 2019). Supplementary Table S2 listed the different types of polysaccharides extracted from marine algae using conventional and advanced extraction techniques.
Lipids
Although lipids make up only a minor portion of macroalgae typically 1%–5% of the dry weight their fatty acids are thought to be superior to those found in terrestrial plants (Filote et al., 2021b). Most marine microalgae have fatty acid contents that are more than 10% of their dry weight (Wang, 2002). Numerous marine algae species are abundant in polyunsaturated fatty acids (PUFA), with eicosapentaenoic acid (EPA) and DHA being the two most significant long-chain PUFA in the ω-3 family (Plaza et al., 2010). Certain ω-3 and ω-6 fatty acids are necessary for humans and certain animals, but they may also be linked to specific illnesses (Martins et al., 2013). Algae lipid productivity can be increased by different technical techniques and appropriate environmental conditions. Microalgae lipids can be extracted via solvent extraction, ultrasonic extraction, microwave-assisted extractions, and electroporation. Lipid extraction’s primary drawbacks are that it uses a lot of energy, requires different kinds of solvents depending on the kind of lipids present in the microalgae species, raises operating temperatures, and increases the danger of combustibility. Recently, super-critical extraction techniques have been considered as an alternative to harmful organic solvents. The main advantage of this process is its high selectivity toward triglycerides, which are essential chemicals in the synthesis of biodiesel (Vasistha et al., 2021). Supplementary Table S3 listed the important lipids extracted from marine algae using conventional and advanced extraction techniques.
Polyphenols
Concern over algae-derived polyphenols has grown significantly as a result of calls to substitute synthetic and hazardous substances used in the food manufacturing business, such as butylated hydroxytoluene (BHT) and butylated hydroxy anisole (BHA). Additionally, it has been shown that brown macroalgae polyphenolic extracts have bacterial growth inhibitory properties comparable to those of additives like sodium benzoate and sodium nitrite. Removal of polyphenols is required to produce bioethanol and biogas since they hinder the fermentation processes. Formaldehyde is frequently utilized in the alginate industry for the extraction of macroalgae before alginate isolation. Nevertheless, due to its carcinogenic properties, there is a necessity for more eco-friendly alternatives. The extraction of polyphenols from macroalgae is essential within the context of an integrated biorefinery. The separation of these compounds is a critical step in the production of refined extracts and the enhancement of the overall chemical conversion of biomass. Carefully selecting the pre-treatment process parameters is necessary to maximize the yield of polyphenolic compounds from macroalgae, since it can lower the possible consequence. One such method that helps to lower the amount of polyphenolic content and its antioxidant properties is oven-drying. However, when compared to freeze- and microwave-dried biomass, the extraction yield from oven-dried biomass appears to be higher (Filote et al., 2021b). Supplementary Table S4 summarizes the important kinds of polyphenols extracted from marine algae using conventional and advanced extraction techniques.
Fine chemicals
The three main categories of microalgae are a) species having the ability to produce a single high-value product; b) species having great potential for biorefinery techniques; and c) novel species showing promise for biomass composition and by-products. Microalgae strong areal biomass production contributes to the accumulation of economically significant products that account for more than 50% of their dry weight High-value products, such as astaxanthin from H. pluvialis and β-carotene from D. salina, are effectively commercialized at a significant scale. Additionally, phycocyanin, an extract from cyanobacteria has recently earned a significant amount of market share, and biomass from Spirulina and Chlorella is sold in considerable quantities as nutraceuticals. Novel, promising strains of algae are still being reported, and more strains with industrial potential have been identified for the synthesis of biofuels or high-value compounds like carotenoids and PUFAs (Leu and Boussiba, 2014). However, for both high-value goods and bulk biomass, phototrophic algae product production is thought to be two to five times more costly than alternative approaches. Deciphering the genomes and transcriptomes of several high-value algae species and their metabolic pathways toward carotenoid, lipid, and PUFA biosynthesis has allowed. Using algae reduces the cost, length, and conversion process because lignin separation appears to be a rate-limiting step for other biomasses (Gonzalez-Fernandez et al., 2015). The most elevated level of vitamins and trace elements is discovered within microalgae. Constraints exist for the scientific teams investigating the chemical properties, and assurance of feed quality is imperative. The production of vitamin D3 from Nannochloropsis oceanica could reach 1 μg/g of dried cell mass, with a notable enhancement in vitamin output due to exposure to UVB stressors. the impact of UVB radiation on D. salina and N. oceanica. When exposed to UVB light, most of the cultures (D. salina (145 ± 11 ng/g DM), N. oceanica (285 ± 5 ng/g DM), and N. limnetica (2,700 ± 198 ng/g DM)) were able to synthesize vitamin D3, whereas T. suecica was not able to do so. The study revealed that the wet paste and dry biomass of N. oceanica exposed to UVB had reduced levels of 7-dehydrocholesterol and vitamin D3, measuring 13 ± 0.4 ng/g DM and 2 ± 0.2 ng/g DM, respectively. These findings imply that the growing diluted cultures are producing more 7-dehydrocholesterol during UVB exposure. UVB induced the accumulation of D. salina α-tocopherol and β-carotene, and N. oceanica α-tocopherol (Ljubic et al., 2021). Chlorella sp. exhibited a superior concentration of vitamin B12 compared to both Spirulina and N. gaditana sp., alongside possessing a greater quantity of folate.
BIOENERGY AND BIOPRODUCTS
Biofuels
Algae are quickly expanding photosynthesizing organisms that can produce useful biomass from roughly 10% of sunshine, or about 77 g/biomass/m2/day, or about 280 tons/ha/year (Masoud et al., 2021). Because most microalgae have a high lipid content (50%–80% of biomass), they are good candidates for biodiesel synthesis. The 58,700 L/hac microalgae oil that microalgae can produce can be transformed into 121,104 L/hac biodiesels (Khan et al., 2018). One of the most promising sustainable biofuels is biogas, given the growing awareness of issues like greenhouse gas emissions and the depletion of fossil fuels. The use of microalgae as a biodiesel source is growing in popularity. Because there is a limited supply of surplus fertilizer in the world, recycling fertilizer nutrients is essential to maintaining large-scale biodiesel production. The lipid fraction separation did not considerably reduce the energy yield (which amounted to 9% of algae dry weight). Hydrolytic enzymes were able to access algae biopolymers more easily through sonication, partially offsetting the energy lost during lipid extraction (Ayala-Parra et al., 2017). To produce bioethanol, starch-enriched microalgae biomass has been studied. Different pre-treatment methods have been used to release simple sugars to increase the yield of bioethanol. Some of the most seen algae in freshwater and saltwater environments are Chlamydomonas sp., Chlorella sp., Dunaliella sp., Gracilariaceae sp., Nannochloropsis sp., Oscillatoria sp., Scenedesmus sp., and Spirulina sp (Deviram et al., 2020). There are many benefits to using algae as a substrate to produce biofuels, such as a quicker harvest period, lower farming expenses, reduced CO2 emissions, a higher process efficiency, a faster rate of algae feedstock growth, and significantly less water usage than traditional plant biomasses. Four processes are involved in the breakdown of microalgae biomass into bioethanol: pretreatment, saccharification, fermentation, and downstream processing. Because it doesn't contain lignin and doesn't need to be separated from other lignocellulosic materials like rice and wheat straw, algae biomass is a desirable raw material (Masoud et al., 2021). Through cell lysis, the glycogen from algae biomass can be recovered using an acidic, enzymatic, or solvent extraction technique. To convert the polymer complex into monomer form, which may then be subjected to fermentation to make bioethanol, pre-treatment of the extracted carbohydrates is necessary. A few carbohydrate-enriched microalgae, such as Chlamydomonas reinhardtii and C. vulgaris are thought to have potential for biofuel (bioethanol) production. More suitable for the production of butanol are microalgae biomass, such as Clostridium acetobutylicum, Saccharina sp., C. saccharobutylicum, Chlorella sorokiniana, C. tetanomorphum, Nannochloropsis sp., C. aurantibutyricum, Arthrospira platensis, and U. lactuca (Eloka-Eboka et al., 2021). A few challenges exist in the large-scale production and commercialization of such clean biofuels, notwithstanding the remarkable contribution of bioethanol generated from microalgae to the development of renewable fuels (Khan et al., 2018).
Bioplastic
Bioplastics are degradable materials with applications comparable to plastics, yet plastics are not biodegradable and toxic to humans, animals, or the environment. Because of their enormous biomass, marine algae is a more efficient source of bioplastics than plants, animals, or other sources—research on this topic is ongoing. It is stronger, less brittle, and more microwave-resistant (Thiruchelvi et al., 2021). Algae are self-feeding entities that exist in either a single-celled or multi-celled form. Bioplastics are derived from microalgae, such as the challenging-to-collect remnants of spirulina. Macroalgae, for instance, marine algae, exhibit more potential than the aforementioned sources due to their abundant biomass, cost-effectiveness, suitability for cultivation in natural environments, capacity to thrive in various conditions for growth, and ability for year-round harvesting. Despite not yet being utilized within the plastic industry. They generate cost-effective, superior-quality bioplastics that are free from harmful substances and possess similar chemical resistance and tensile strength (Thiruchelvi et al., 2021). Marine algae polysaccharide content is what allows them to produce bioplastics. Among the marine algae polysaccharides are alginate, carrageenan, agar, and Floridian starch. Marine algae is collected methodically, dried fast, and then baked to preserve its freshness and quality. The dissolved polysaccharide combination is first filtered to remove any remaining smaller particles, then centrifuged to remove any dense, larger cellulose particles. Lastly, the solution is concentrated (Stevens, 2002). It was possible to fabricate bioplastic film by employing Halimeda opuntia. It was possible to successfully create a thin bioplastic film with improved mechanical and physical properties by adjusting the ratio of polyvinyl alcohol (PVA) to marine algae biomass (El-Sheekh et al., 2024). Cordium fragile, and Macrocystis integrifolia-derived bioplastics are stronger, more resilient to microwave radiation, and less brittle. The marine algae goes through a lot of processes (Thiruchelvi et al., 2021).
Food industry
Spirulina has long been utilized as food and feed. Because they are abundant in proteins, vitamins, minerals, antioxidants, carotenoids, and other nutrients, they can be used to create a variety of products with additional value. Long ago, microalgae may have been a source of superfood for humans (Chandra et al., 2019). For many years, researchers have looked at food waste and microalgae as possible sources of molecules that may be used in a variety of industries, including packaging, textiles, and pharmaceuticals. Despite several study attempts to extract rich components (such as tocopherols, tocotrienols, and phenolic compounds) from these sources, they continue to be disregarded as two important sources of bioactive chemicals and pigments, primarily because of ineffective extraction methods (Martins et al., 2023). The unique natural bioactive biomolecules as vitamins (thiamine, riboflavin, α-tocopherol), proteins (C-phycocyanin, A-phycocyanin), pigments (b-carotene, chlorophyll, etc.), and fatty acids (palmitic acid, linoleic acid, oleic acid, stearic acid, and c-linolenic acid, etc.) source to replace the chemical-based compounds have recently sparked increased interest in microalgae and cyanobacteria (Cuellar-Bermudez et al., 2017). Since each component must be removed from the algae biomass to be used, a key prerequisite for algae or cyanobacterial bioactive chemicals with practical applications is the efficient use of the extraction process (Chandra et al., 2019).
Pharmaceutical industry
Numerous chemicals derived from algae, including peptides, carotenoids, steroids, fatty acids, polysaccharides, and halogenated compounds, possess a wide range of biological characteristics, including antibacterial and anticancer activities (Rani et al., 2021). These bioactive compounds attach to a variety of locations and, by activating cellular pathways, reduce cell proliferation or induce death (Martins et al., 2023). Since the fatty acids found in oily microalgae extracts contain antimicrobial, antiviral, antibacterial, and antifungal qualities, microalgae have also demonstrated good medicinal capabilities. These features have led to their widespread use as components in formulations for sun protection, skincare, and hair care. It demonstrated how to extract total lipids and bio-oil from algae in an efficient and environmentally friendly way. With an EtOH/CPME (8:2) solution, the highest total algae lipid production (39.4% on a dry basis) was achieved at 80°C and 60 min of reaction time. This extraction condition helps obtain oil that is rich in SFA and can be used to produce biofuel. Using an EtOH/CPME, 6:4, at the same temperature and reaction period, an oily extract rich in bio-compounds that support human health, such as docosahexaenoic acid, DHA (C22: 6, ω-3) and eicosapentaenoic acid, EPA (C20: 5, ω-3) was produced. When using SC-CO2, the oil extraction yield is 30.0%, however, under these extraction circumstances it is 32.8%. Compared to traditional extraction technologies, this approach has several benefits, including higher total lipid yield, more selectivity, and maintained thermo-labile chemicals. It is a different approach to producing algae biofuel sustainably and creating valuable byproducts (Santoro et al., 2019).
CONCLUSION
Marine algae are recognized to support a circular bioeconomy in several industries, such as bioenergy, food, feed, fertilizer, building, and cosmetics. Making better use of marine algae resources is extremely significant because of their benefits of strong adaptability and high yield, which are also considered to be the most important sources of many biologically active chemicals. One of the primary components of Marine algae products (MAPs), polysaccharides for instance, exhibits tremendous biological activity. MAPs have the potential to be used in a variety of medicinal and functional food items. The current study of MAPs does, however, still have certain flaws. Although cutting-edge extraction methods like microwave-, ultrasound-, and enzyme-assisted extraction methods demonstrated relatively high extraction efficiencies and additionally benefit from ease of use, low costs, and environmental friendliness, their use is currently restricted to laboratory research for MAPs. Aside from the benefits already highlighted, the possibility of scaling up these procedures adds interest from an industrial standpoint. However, the effectiveness of extraction varies depending on the species, target phytochemicals, and operating conditions. Moreover, chromatography have been emergeed as the predominant technique employed for the purification of natural substances from complex mixtures. Future work in marine algae, particularly, with regard to the new goals of UN and circular blue bioeconomy are promising for vast kinds of products, including biofuels and bioactive metabolites at industrial scale.
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