Bioproducts from Microalgae: A Comprehensive Review of Applications and Commercial Viability 

Abstract
Microalgae are biochemically rich cell factories that can be used as raw materials for bioenergy, food, feed, pharmaceuticals, and nutraceuticals. The ever-increasing interest in algae may be attributed to the manifold surge in commercial products extracted from them, as well as anticipated future advances. The quest for alternative sources of energy has spurred an increasing resource demand, predicted scarcity of fossil fuels in the coming years, and environmental concerns associated with greenhouse gas emissions. Microalgae have been projected as one of the most viable choices to overcome some of these impending global challenges owing to their distinctive characteristics, such as high growth rate (without requiring much land and sparse competition with food crops), minimal nutrient requirement, great resistance to an array of environmental stressors, and flexibility in their metabolic pathways, which enables researchers to channelise cellular biochemistry to synthesise target products at higher rates. This review discusses the various applications of algal biomass and the value-added products derived from it, as well as the commercial viability of these products.

Introduction

Photosynthetic organisms, known as algae, comprise a diverse group that inhabit various water-based ecosystems. Depending on their cellular structure, algae can be classified as microalgae or macroalgae. They can survive in a variety of conditions, such as highly acidic and frozen soil, rocky surfaces, snow, symbiotic plants and animals, hot springs, volcanic waters, and arid environments (Lim & Schenk, 2017). Humans first encountered microalgae over 2000 years ago, when the Chinese used Nostoc as food during famine since ancient times. China and other Asian nations have used various Nostoc species as delicacies. Among the most significant are N. commune and (ishikurage in Japanese),( Takenaka et al., 2010). Microalgae cultivation has been practiced since the late 1900s and the early 2000s, but mass cultivation of algae began to take off after the achievement of Allen and Nelson in 1910 with Chlorella sp. for aquaculture purposes in Berlin, Germany (Preisig& Andersen, 2005). Microalgae grow quickly with minimal water and nutrients, whereas other plants on land require much more water to grow and produce similar amounts of biomass. For instance, the production of 1 kg of algae biomass requires 333 litres of water, whereas soy requires 2204 liters of water for the same amount of biomass (Hannon, Gimpel, Tran, Rasala, & Mayfield, 2010; Ercin, Aldaya, & Hoekstra, 2012). Amongst living organisms, algae exhibit one of the swiftest growth rates, characterised by a brief doubling time. This rapid growth may be attributed to their extensive strain diversity, which demonstrates remarkable resilience to seasonal changes. Consequently, algae achieve an annual photon-to-biomass conversion efficiency that is over 3% higher than other organisms (Perin et al., 2019).
Researchers have focused on microalgae because of their many consensus advantages. First, under adverse environmental conditions, microalgae are capable of performing optimum photosynthesis and synthesising a wide range of high-value compounds, including proteins, lipids, carbohydrates, and pigments (Minhas, Hodgson, Barrow, & Adholeya, 2016). Their intrinsic ability to adapt and thrive under extreme environments, such as high pH, salinity, high temperatures, light, and scanty nutrients, is truly extraordinary (Nayaka et al.,2017). Microalgae are living cell factories for the production of biofuels and numerous commercially exploitable biomolecules with potential uses in the food, aquaculture, poultry, and pharmaceutical industries (Priyadarshani & Rath, 2012). They can be mass-cultivated either in open raceway ponds or in high-volume photobioreactors with controlled growth conditions aimed at achieving a high biomass output rich in target biomolecules, such as lipids, carotenoids, or other bioactive compounds (Khadim et al., 2018). In recent decades, they have also been employed as single-cell proteins (Saeed et al., 2016). Second, they can export stable isotopes into items created from them. Lastly, the identification of only a limited number of species to date renders this field captivating, even in contemporary times. (Priyadarshani & Rath, 2012). Again, the relatively simpler and smaller genetic setup of microalgae provides researchers ample opportunities for genetic engineering and strain improvement (Riyazat Khadim et al., 2023).
Algae's ubiquity in aquatic environments implies their crucial role in ecosystems, global primary production, oxygen generation, and carbon sequestration. Their diversity suggests adaptability, making them valuable for studying the impact of evolution and climate change on aquatic systems. However, owing to their versatile applications, microalgae can be considered one of the main players in the clean energy market, and they promise to bring the future to developing countries, creating more jobs and opportunities.
This review seeks to provide a comprehensive examination of the diverse uses of algal biomass, with a particular emphasis on exploring how biomolecules derived from algal biomass can be utilised in the fields of nutrition, agriculture, medicine, and cosmetics.
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Microalgae and CO2 sequestration

Carbon dioxide plays a pivotal role in regulating the temperature on Earth. Global warming is becoming more prevalent owing to a disproportionate increase in the concentration of greenhouse gases (GHGs), mainly CO2, in the atmosphere caused by anthropogenic activities. Global carbon dioxide emissions have increased from 2 billion tons to 36 billion tons in 115 years (Add Ref....). CO2 is the main contributor to global warming and climate change, and can lead to significant biological extinction. The largest source of carbon dioxide emissions is the burning of fossil fuels, the main source of energy to drive industry, transportation through vehicles, and generation of electricity (Razzak, Ali, Hossain, & DeLasa, 2017).
Although there are many different approaches to carbon sequestration, biological carbon capture has long been an interesting prospect owing to the natural ability of green plants to fix inorganic carbon through photosynthesis. Microalgae account for up to 80% of the primary productivity of marine ecosystems and perform up to 40% of global photosynthesis (Andersen, 1992), which implies their immense capability to trap carbon dioxide efficiently through photosynthesis and convert it into huge biomass resources. Certain green algae, such as Chlorella sp. and D. Salina, grow easily at higher levels of inorganic carbon and thus can be effectively used for carbon sequestration (Venkata Subhash et al., 2017; Riyazat Khadim et al., 2023). For each gram of algal biomass produced, approximately 1.6 – 2.0 g of CO2 is sequestered (Ritchie and Roser, 2017). 
Utilising algae for carbon dioxide sequestration presents numerous additional benefits. These organisms can grow in both open aquatic environments and enclosed photobioreactors. The latter system offers high yields owing to the strict control of physicochemical growth parameters, sterile conditions, high surface-area-to-volume ratio, and ease of use (Khadim et al., 2018). Located in a temperate climate zone, India is an ideal location for algae cultivation, and carbon dioxide emissions from thermal power plants can be successfully used for technology testing, demonstration, and development. This study aimed to develop a sectoral carbon sequestration master plan for efficient and large-scale green energy production (Pradhan, Sukla, & Acevedo, 2017).
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The global economy currently faces enormous and unprecedented challenges, the major of which is the ever-increasing demand for fossil fuels and the consequent alteration of the environment by fossil fuel burning, leading to climate change. India is heavily dependent on other nations for its increasing energy demand, as it continues to import more than 80% of the required fossil fuel (Khadim et al., 2021). The cost of refining crude oil ultimately increases the prices of petrol and diesel. Microalgae are capable of accumulating high amounts of lipids that can exceed 50% of their dry cell weight (Mohanta et al., 2024). Triacylglycerol is regarded as the primary component necessary for the production of biodiesel, which is richly synthesised by microalgal species under adverse conditions. Cooking oils, animal fats, and virgin vegetable oils are commonly used as fat sources to produce biodiesel. Recently, microalgae have been explored as a viable biodiesel production source owing to their multitude of advantages, including higher lipid content, better quality of oil produced, and scarcity of other sources, particularly food. Algal biomass comprises various components, including proteins, lipids, carbohydrates, ash, and minor elements, such as nucleic acids and pigments. The lipid content of dry algae ranges from 20% to 60% by weight, depending on the microalgal species (and any interspecies interactions) and the conditions under which they are cultivated (Andersson et al., 2014; Mohanta et al., 2024). These characteristics make microalgae a viable option for biofuel production. In a separate investigation, Scenedesmus sp., which was isolated from (Singh et al., 2019) the coastal regions of Odisha, India, demonstrated a substantial lipid yield of 24.66 mg/L*d, suggesting its potential as a promising candidate for biodiesel production (Jena et al., 2012).
The cultivation of algae for energy production is distinguished by its exceptional productivity, which significantly surpasses that of traditional energy crops. Algal biomass grows 20 times faster than biomass derived from corn or rapeseed. Moreover, algae can be cultivated in bioreactors situated on unused land that fail to meet the standards set by the crop valuation scale (Tran et al., 2016; Zhu et al., 2013). Research suggests that microalgae cultivation for biodiesel production on a large scale can yield 20 times more biodiesel than conventional crops, such as soybean, rapeseed, and jatropha oil (Schenk et al., 2008). Several techniques exist for transforming microalgal biomass into biofuels, including biochemical and thermochemical processes, chemical reactions, and direct burning. Transesterification is a common chemical reaction employed to transform lipids into biodiesel (Valerie & Mark).Trihydric alcohol glycerides or esters of saturated and unsaturated monocarboxylic acids are referred to as vegetable and animal fats and oils, respectively. Long-chain hydrocarbons, such as R1, R2, and R3, react with alcohols during transesterification to convert triglycerides into diglyceride, monoglyceride, and glycerol. Owing to its low cost, methanol is frequently utilised in the manufacturing of biodiesel.

 

Biodiesel derived from microalgae exhibits characteristics comparable to those produced from oilseeds and fossil sources. Nevertheless, microalgal biodiesel is regarded as an eco-friendly and viable fuel option in the coming years (Sohi&Eghdami, 2014). Unfortunately, the production expenses associated with microalgal biodiesel are substantial. One potential solution is genetic engineering, which seeks to enhance microalgal biomass yield by developing superior strains, consequently boosting biodiesel output. (Chisti 2007; Riyazat Khadim et al. 2023). Nonetheless, microalgal species can be cultivated in high-volume photobioreactors under controlled conditions and subjected to the extraction of multiple value-added compounds simultaneously, such as triacylglycerols, carotenoids, and proteins, in a biorefinery approach to improve the overall economy and reduce the cost incurred in the process. Algal biofuel production from wastewater treatment can provide sustainable environmental benefits through CO2 sequestration and has a significant environmental impact in terms of water footprint, energy, and fertiliser use, as well as removing residual nutrients compared to commercial algae production,  freshwater consumption, and fertilisers. Additionally, they offer significantly better returns in terms of investment and plant operating costs (Gupta et al., 2016; Gendy& El-Temtamy, 2013).
Overall, if biodiesel from microalgae is commercialised, it will provide an alternative to conventional transportation fuels, as studies have shown that microalgae have the potential to produce more biodiesel than other oilseed crops (Nascimento et al., 2014, Kim et al., 2022).
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Bioethanol  

The essence of containing pollution from fossil fuel burning, increasing global warming from GHG emissions, and plausibility of petrochemical exhaustion in the coming decades are emerging global concerns now a days. This mandates swift action to explore equally efficient and environmentally friendly fuels from renewable sources. Algae, which are rich in polysaccharides, have been proposed as an alternative source for bioethanol production, and many studies have been conducted in this field (Kim et al., 2017, Harun et al., 2013).

The production of bioethanol from microalgal biomass offers numerous benefits, including its reduced requirement for extensive arable land compared to conventional sources and its significant contribution to mitigating greenhouse effects through atmospheric CO2 absorption. Microalgae cell walls are rich in complex polysaccharides, such as cellulose, mannans, sulfated glycans, xylans, and starch. These intricate carbohydrates undergo chemical or enzymatic breakdown to form simple sugars, which are then transformed into bioethanol under oxygen-free conditions. (Chaudhary et al., 2014). Additionally, bioethanol produced from microalgae has a potential yield almost twice that of sugarcane and five times that of maize (Vergara-Fernández et al., 2008).

The production of bioethanol from algae comprises three stages: pretreatment, enzymatic hydrolysis, and fermentation. Macroalgae are characterised by high carbohydrate levels and reduced lignin content, necessitating comparatively gentler pre-treatment conditions. The primary aim of the pretreatment phase is to render celluloses accessible for fermentation and their subsequent conversion to ethanol. Dilute acids are the most commonly employed reagents for this pretreatment process, as they effectively dissolve hemicelluloses and liberate celluloses for enzymatic hydrolysis. Enzymatic hydrolysis typically follows pretreatment, transforming celluloses into sugars. This process involves cellulolytic enzymes, such as exo-and endo-glucanase, as well as cellobiose (Kristensen et al., 2008). In the subsequent fermentation stage, yeast are frequently employed to generate ethanol. Several algal species have demonstrated effectiveness in bioethanol production, including Chlorococcum sp., Spirogyra sp., C. sorokiniana, Gelidium amansii, Sargassum sp., Gracilaria sp., Laminaria sp., and Prymnesium parvum (Behera et al., 2015; Constantino et al., 2021; Rajkumar et al., 2014).

The production of ethanol from algae faces several challenges, including microbial contamination during fermentation and difficulties in large-scale algal farming. The expenses associated with growing biomass, along with the costs of pre-processing and enzymatic breakdown, contribute to increased production expenses, which subsequently impact the economic viability of the process.(Özçimen et al., 2020). Nevertheless, mass cultivation of suitable algae, metabolic engineering of algal species for higher raw material production, and evolution of new hydrolysis and fermentation techniques can lead to cleaner, greener, economic, and commercially viable bioethanol production.

Biohydrogen

As the only byproduct of burning hydrogen is water vapour, hydrogen is currently the cleanest renewable fuel on the market. In addition, the high energy density of hydrogen (142 kJ/kg) reduces the volume required for storage. Algae generate hydrogen in four ways: direct photolysis, dark photolysis, photofermentation, and indirect photolysis. 

Direct photolysis exploits the ability of cyanobacteria and microalgae to directly split water into oxygen and hydrogen during photosynthesis. Oxygen-evolving complex (OEC)-mediated water-splitting reactions enable microalgae to capture solar energy by removing protons and electrons from water. According to Manis and Banerjee (2008), the process of biohydrogen production involves the direct absorption of light by photo-pigments, splitting of water, and transmission of electrons to enzyme groups such as nitrogenases and hydrogenases in the chloroplast. The sole restriction is that high light intensity is necessary for microalgae to directly photolyze water (H2O →H2+½O2) and produce biohydrogen.

Photo-fermentation uses the TCA cycle to convert organic materials to biohydrogen when exposed to sunshine. Using sunlight as a source of energy, photofermentation is a fermentative process that converts organic substrates into hydrogen and carbon dioxide. Hydrogen can be produced through a process called dark fermentation, which is also referred to as heterotrophic fermentation. This method is performed in an oxygen-free environment and does not require sunlight. Instead, it utilises carbohydrate-rich substrates to generate hydrogen [Lee et al., 2011]. Research has established that conventional anaerobic fermentation occurs in two distinct phases: acidification and methane production (Show et al. (2019)). These stages are carried out by different groups of microorganisms that work in symbiotic relationships. In the initial phase of acidogenesis, hydrogen is produced as an intermediate metabolite, which is subsequently utilised by methanogens as an electron donor during the second stage of methanogenesis. Hydrogenase, an enzyme that reduces protons, was initially identified in microalgae and functions to split water, generating hydrogen under anaerobic fermentation conditions in the absence of light (Cuellar-Bermudez et al., 2015). Nevertheless, this method has a drawback in that the reaction time is constrained by the production of oxygen, which swiftly inactivates hydrogenase. To overcome this limitation, enhanced methods are necessary to boost the oxygen tolerance of hydrogenase enzymes.

Dark fermentation is the preferred method among various biohydrogen production techniques. This preference is due to its superior hydrogen yield rate, ability to utilise diverse organic compounds, and capacity to employ carbohydrate-rich wastewaters as substrates. These factors contribute to the cost-effectiveness of hydrogen production using this process (Reyes and Buitron, 2016). Dark fermentation is an eco-friendly method that offers the additional benefit of producing commercially viable by-products, such as lactic, butyric, and acetic acids. Moreover, this technique does not require illumination or aeration, which leads to substantial cost reduction.  


Biomethane

Algal biomass has garnered significant attention as a promising feedstock for bioenergy production owing to its rich composition of carbohydrates, proteins, and lipids. The high content of these organic compounds, with carbohydrates reaching 69%, proteins reaching 84%, and lipids reaching 63% (Yadav et al. 2021), makes algae an attractive source for various biofuel applications. Among these, biomethane production through anaerobic digestion has emerged as a viable option. The process of converting algal biomass to biomethane capitalises on the natural ability of microorganisms to break down organic matter in the absence of oxygen, producing methane-rich biogas (Melis and Melnicki, 2006).
The production of methane through anaerobic digestion of algal biomass occurs in four stages. The initial step, hydrolysis, involves the breakdown of complex molecules into their basic components. This is followed by acidogenesis, in which these components are converted into fatty acids. The third stage, acetogenesis, transforms fatty acids into final intermediates, such as carbon dioxide, hydrogen, and acetic acid. Finally, methanogenesis converts these precursors into carbon dioxide and methane.
The methane yield increases substantially with higher protein and fat content; however, maintaining a balanced C:N ratio is crucial for optimal microbial activity. Most Anaerobic Digestion (AD) systems require a C:N ratio between 20 and 30:1, as methanogens are typically sensitive to fluctuations in this ratio (Gonz´ alez et al., 2006). To achieve this ideal balance, high-carbon substrates such as switch grass, sludge, or straw can be co-digested.
When algae with a high C:N ratio are used in co-digestion, methane production is enhanced. For instance, the combined digestion of Ulva sp. and calf slurry resulted in a 17% increase in methane output (Allen et al., 2013).

Lipids are the preferred substrate for anaerobic digestion, which yields comparatively higher methane (Cirne et al., 2007). The main disadvantage of this substrate is the delayed initial hydrolysis stage, which might decelerate the process owing to the build-up of long-chain fatty acids (Palatsi et al. ., 2010) The second macromolecule with the highest yield of methane is protein. However, ammonia released by proteins during anaerobic digestion may prevent methanogenic activity. An obstacle to marine microalgal biomass is the high sodium concentration in the digestion medium. Anaerobic digestion has been shown to be inhibited by high sodium concentrations in the past (Chen et al.,2008).

Biochar  

Biochar is characterised as a substance rich in carbon, generated through pyrolysis, which involves the thermal decomposition of biomass at roughly 700°C with minimal or no oxygen present (Lehman and Joseph, 2015). The production of biochar can occur through various processes, including hydrothermal carbonisation, hydrothermal liquefaction, and pyrolysis. Among the four pyrolysis techniques, slow, intermediate, fast, and flash, slow pyrolysis is the primary method for biochar production. This is due to its moderate temperature, slow heating rate, and extended reaction duration. In contrast, fast pyrolysis, which employs higher temperatures, quicker heating rates, and shorter reaction times, primarily yields bio-oil as the main output (Roy and Dias, 2017).

Various aquatic and terrestrial biomasses have been used to create biochar. Owing to their metabolic nature, algae are ideal fuels for the thermochemical production of biochar. The amount and quality of biochar produced from micro- and macroalgae vary considerably among strains. Moreover, the yield and quality of biochar are influenced by factors such as the biochemical composition of microalgae, the reaction temperature and pressure, and the type of catalyst employed. The biochar produced can then undergo various activation processes to enhance its functionality, enabling its use as an effective catalyst in the production of biofuels like biodiesel and biohydrogen.

According to Amin et al. (2016), biochar has several distinctive applications such as fertiliser, adsorption treatments, carbon sequestration, and heat and power generation. Biochar can potentially increase agricultural profitability by increasing crop productivity. The application of biochar has been shown to improve soil quality and support the growth of various agricultural crops, both of which contribute to enhanced agricultural productivity (Arif et al., 2017). 

In conclusion, the analysis of algae-derived biofuels revealed that fuels with higher hydrogen-to-carbon ratios are more desirable. Hydrogen has emerged as the optimal choice, followed by methane and biodiesel. While ethanol falls short owing to its low cetane number, the other alternatives demonstrate superior ignition timing with cetane numbers exceeding 50. These findings underscore the importance of considering both yield and physical properties when evaluating the potential of algae-based biofuels for future energy solutions.








Wastewater treatment  

Domestic, municipal, and industrial wastewater has emerged as a significant environmental threat that contaminates water sources and causes biofouling, thereby raising serious health concerns. Urban areas generate substantial volumes of nutrient-rich wastewater (Razzak et al. 2017). Extensive research has been conducted on the application of algae for nutrient removal from urban wastewater, with findings generally indicating that this nutrient-rich environment serves as an excellent medium for microalgal growth (Leite et al., 2013, add one recent reference). Microalgae offer an additional benefit in their capacity to thrive in industrial wastewater by utilising excess nutrients and absorbing toxic and heavy metals. This process renders wastewater environmentally safe, requiring minimal water usage before its release into open areas.

Eutrophication, which results from the release of nutrient-laden household wastewater, promotes the proliferation of algal biomass. Rather than being considered waste, these algae can be utilised for commercial purposes, enhancing both economic and environmental sustainability (Razzak et al., 2017). An illustration of this is the microalgae Chlorella vulgaris, which, when cultivated in glucose-rich municipal wastewater, demonstrated a reduction in chemical oxygen demand by 96.9%, total nitrogen demand by 65.3%, and total phosphate demand by 71.2% (Gupta et al., 2016). Microalgae that can be grown in wastewater can be installed on land unsuitable for agriculture and have higher energy conversion efficiencies than first- and second-generation fuels (Bayro-Kaiser & Nelson, 2017). Algae-based wastewater treatment offers significant advantages over conventional methods. During photosynthesis, microalgae generate oxygen, which enhances disinfection and substantially reduces the costs associated with mechanical aeration (Zabochnicka et al., 2022). Algal cells accumulate metals such as lead, cadmium, copper, zinc, and chromium, which can constitute over 25% of their dry mass. Spirulina trays demonstrate the highest efficiency in removing cadmium from water, whereas other microalgae species, including Scenedesmus quadricauda and Pseudochlorococcum, have shown effectiveness in eliminating mercury, cadmium, and lead (Perera et al., 2022). Some microalgae species, including Nannochloropsis sp. and Chlorella vulgaris, exhibit resilience to heavy metal pollution, withstanding concentrations as high as 1000 ppm (Raslavićcius et al., 2018). In an aquaculture estuary, the microalgae Chlorella sorokiniana demonstrated remarkable effectiveness in nutrient removal, achieving reduction rates of 75.6% for ammonium, 84.5% for nitrates, 73.3% for phosphates, and 71.9% for chemical oxygen demand (COD) (Guldhe et al.,2017).

The microalga Scenedesmus quadricauda has demonstrated efficacy in treating dairy industry wastewater, which often contains a mixture of substances including lactose, fats, detergents, nutrients, disinfectants, small amounts of nitrogen, and unusually high levels of phosphorus (Daneshvar et al., 2019). Similarly, Botryococcus braunii is capable of eliminating nitrogen and phosphorus from wastewater. This algal species flourishes in wastewater with elevated TN and TP concentrations, not only extracting these elements but also utilising them to generate additional hydrocarbons (An, Sim, Lee, & Kim, 2003). B. braunii is considered a promising candidate for wastewater treatment and biomass stabilisation. This green microalga, which thrives in fresh water, typically forms large floating aggregates on the surface of water bodies (Borowitzka, 2018). The alga is particularly noteworthy for its capacity to generate significant amounts of lipids and long-chain hydrocarbons, characteristics that make it an excellent candidate for biofuel production.

Microalgae are considered viable candidates for wastewater treatment because of their ability to absorb and integrate nitrogen, carbon, phosphorus, and other harmful elements, such as heavy metals. Their exceptional environmental adaptability allows them to flourish in various effluents, including industrial, municipal, and agricultural sources. However, microalgal-based wastewater reclamation faces certain challenges, such as determining suitable cultivation conditions (primarily temperature, light intensity, and duration) and harvesting methods. Harvesting remains one of the main hurdles in any biotechnological application involving microalgae and requires further investigation. Notwithstanding these challenges, ongoing research endeavours are focused on optimising microalgal cultivation and harvesting techniques to enhance their efficacy in wastewater treatment. Advanced technologies, such as photobioreactors and membrane filtration systems, are being developed to address the limitations of conventional open pond systems. Furthermore, genetic engineering approaches are being investigated to create microalgal strains with enhanced nutrient uptake capabilities and resistance to environmental stressors, thereby expanding their potential for wastewater remediation.



Food and feed  

 •	Algae as human food  

The food industry extensively utilises algae, which offers substantial societal advantages. Most microalgae species possess high protein levels and a favourable amino acid profile, rendering them appropriate as nutritional resources for both human and animal consumption (Hannon et al., 2010). Microalgae are rich sources of carbohydrates, proteins, enzymes, and fibre. They are also abundant in vitamins and minerals such as vitamins A, C, B1, B2, B6, niacin, iodine, and potassium (Wells et al., 2016). Microalgae contain substantial amounts of Fe, Mg, and Ca. Owing to their high concentrations of vital nutrients, these organisms serve as a crucial dietary component, especially in East Asian nations such as China, Japan, and Korea. For many centuries, Asian cultures have utilised green microalgae as nutritional supplements and food sources. Currently, their consumption has spread globally owing to their exceptional nutritional properties. It is worth noting that several microalgae species, such as Chlorella vulgaris, Haematococcus pluvialis, Dunaliella salina, Spirulina maxima, and Spirulina platensis, are commonly sold and consumed as nutritional supplements for humans and animal feed additives. Among these, Spirulina platensis has garnered significant attention as a dietary supplement and is considered one of the most nutrient-dense foods available (Priyadarshani & Rath, 2012).

Alginic acid (E400) and sodium alginate (E401), derived from brown algae, are utilised in the production of various food items. These include frozen desserts, cultured dairy products, gelatinous sweets, tinned vegetables, fish extracts, beverages, baked goods, salad dressings, stocks and consommés, low-sodium foodstuffs, and ales. (Zabochnicka et al. 2019). In Japanese cuisine, C. vulgaris is considered a delicacy and has been shown to offer various health benefits. These include enhancing immune system function, exhibiting anticancer properties, lowering the likelihood of cardiovascular diseases and cataracts, and reducing blood pressure (Morris et al., 2009).


 •	Algae as aquaculture feed

 Algae powder is a source of high-quality protein, vitamins, micronutrients (trace elements), and carotenoids, which can be used directly in aquaculture feeds (Subhadra & Grinson, 2011). The species most frequently used  in aquaculture are Chlorella, Tetraselmis, Isochrysis, Pavlova, Phaeodactylum, Chaetoceros, Nannochloropsis, Skeletonema, and Thalassiosira.
The carotenoid astaxanthin, obtained from the algae Haematococcus, has been approved in Canada as a colourant in salmon feed  since it is capable of producing larger amounts of astaxanthin than other algae (Spolaore et al., 2006). The meal produced by Haematococcus has been successfully employed as a fish feed due to its astaxanthin content and has proven to be non-toxic (Dore & Cysewski, 2003, Guerin et al., 2003). EPA-rich Nannochloropsis spp. have been used as nutritional supplements in aquaculture (Yaakob et al. 2014). Microalgae Spirulina and Schizochytrium were utilised as dietary additives in place of FM (Fish Meal), FO(Fish Oil), or plant oil. The results showed that these microalgae could be used as sustainable alternatives in aquafeeds to improve fish growth and fillet quality while lowering reliance on conventional protein sources, such as FM and FO (Sotoudeh et al., 2018). 
Dried algae feed (Nannochloropsis or Tisochrysis lutea), compared to fishmeal and soy feed, yielded similar growth rates for fish from tilapia farms in the Nile (Gbadamosi & Lupatsch, 2018; Cardinaletti et al., 2018). In addition, the meat of Nile tilapia fed algal feed is characterised by a fatty acid composition that is more beneficial to the human diet. Aquatic animals can benefit from microalgae, including Arthrospira (Spirulina), Chlorella, Dunaliella, Haematococcus, Isochrysis, Nannochloropsis, Pavlova, and Schizochytrium, which have been established as vital nutritional sources (Shah et al., 2018).
Green algae called Scenedesmus quadricauda has been shown to have bactericidal effects against bacteria such as P. aeruginosa and Staphylococcus aureus, in addition to being a strong antioxidant. Furthermore, S. quadricauda biomass is a high source of protein, which qualifies it for use as a feed supplement in the diets of aquatic animals. It is also a great resource for improving the nutritional quality of feed and fostering the growth and well-being of aquatic species (Ren et al., 2017). In a 60-day feeding trial with juvenile giant freshwater prawns (Macrobrachium rosenbergii), the addition of Spirulina sp. in varying amounts to the diet led to improved feed utilisation, decreased mortality, and increased growth performance. This suggests that Spirulina sp. may be a useful food supplement for enhancing the well-being and general productivity of aquaculture prawns (Mansour et al.,2020).   


 •	Algae as animal feed 

β-carotene powder derived from Dunaliella species has been utilised as both a colouring agent and a vitamin A source for animals and fish (Amotz, 2004). Enteromorpha sp. and Chlorella sp. are the most frequently used algae in animal nutrition (Chojnacka et al., 2009). Spirulina accounts for over half of the global microalgae production used as an animal feed additive (Sathasivam et al., 2017). Within this field, Spirulina, and to a lesser extent Chlorella, are utilised for various animals, including felines, canines, fish, avian species, equines, poultry, bovines, and bulls (Spolaore et al., 2006).

Research examining the effect of incorporating Chlorella vulgaris into poultry feed revealed that supplementing chick diets with 1% fresh liquid Chlorella enhanced growth performance (Kang et al., 2013). Additionally, the study observed an enhancement in the gut microbiota and bolstered immune system functionality. The inclusion of microalgal biomass in animal feed has been shown to exert beneficial effects on growth, immune responses, and intestinal function (Harel et al., 2007).

Spirulina contains a unique nutritional blend of B-complex vitamins, minerals, proteins, gamma-linolenic acid, super-antioxidants (such as beta-carotene, vitamin E, and trace minerals), and several undiscovered active compounds (Kulshreshtha et al., 2008). Compared with other microorganisms, Spirulina sp. can be grown in water with high salinity and alkalinity, providing advantages when acting as a raw material for animal feed (Costa et al., 2006).


Biofertilizers

In the modern era, agriculture is largely dependent on synthetic products and inputs that harm the water quality, soil structure, and vegetation. Fertilisers containing living microorganisms that colonise the root zone are known as biofertilizers or biocontrol agents that increase soil fertility and nutrient absorption, thus enhancing plant growth. Fertilisers commonly incorporate phosphorus and nitrogen as their primary nutrient components. With the rising expenses associated with chemical fertiliser production, there is a need to identify a suitable alternative. In the context of intensive agricultural production, they represent a significant alternative source of chemical fertilisers. The use of biofertilizers made from microalgae is a feasible approach (Anand et al., 2015).

Inoculation of cyanobacteria and green algae into the field increases microbial activity in the soil and rhizosphere, increasing plant growth stimulants, specifically nitrogen, vitamin B12, indole-3-acetic acid, indole acid -3-propionic or 3-methyl indole, and improves productivity (Guo et al., 2020). Most cyanobacteria possess the ability to fix nitrogen from the atmosphere, making them valuable biofertilisers. These organisms can enhance soil productivity and subsequently boost crop output, as observed in rice cultivation (Song et al., 2005). Another study showed that dry biomass obtained from Acutodesmus dimorphus, used as a biofertiliser, could increase plant growth and flower yield in Roma tomato plants (Garcia-Gonzalez & Sommerfeld, 2016). The inoculation of crop fields with heterocystic cyanobacteria (Nostoc, Aulosira, Tolypothrix, Scytonema, Anabaena, etc.) helps to fix atmospheric nitrogen, that is, up to 40 kg of nitrogen per hectare, thus significantly reducing crop production costs. Non-heterotrophic blue-green algae (Plectonema boryanum, Oscillaoria, and Lyngbya) and green algae enrich the soil by secreting insoluble salts (Yadav, Singh, Agrawal, &Yadav Check the reference).

Research has been conducted to examine the impact of two microalgal species, Chlorella vulgaris and Spirulina platensis, on maize cultivation using various application techniques. The findings revealed that Treating corn with a combination of cow manure and either Spirulina platensis or Chlorella vulgaris enhanced crop yield and development by as much as 51.1% after a 60-day growing period (Dinesh Kumar et al., 2017). Algal species known to positively influence plant growth typically include green algae (Chlorophyta), such as Cladophora dalmatica, Enteromorpha intestinalis, and Ulval actuca; red algae (Rhodophyta), such as Corralina mediterranea, Jania rubens, and Pterocladia pinnata; and brown algae (Phaeophyta), including Ascophyllum nodosum, Ecklonia maxima, and Sargassum spp. (Bai et al, 2007). The growth-promoting characteristics of extracts from these algal species are attributed to the presence of plant growth regulators (auxins, cytokines, etc.) in their composition, with cytokines exerting the most notable influence (Reitz & Trumble, 1996).
Studies have shown the potential of Spirulina platensis cultivated using treated aquaculture wastewater as a fertiliser. The efficacy of Spirulina was evaluated by comparing plant growth across various species using Spirulina alone, an industrial chemical fertiliser (Triple Pro 15-15-15 check this), and a combination of both. The results indicate that Spirulina's effectiveness as a fertiliser is nearly equivalent to that of industrial fertilisers. Moreover, a mixture of Spirulina and conventional fertilisers yielded enhanced growth outcomes (Wuang et al., 2016). Microalgae-based biofertilizers, particularly cyanobacteria and green algae such as Chlorella vulgaris and Spirulina platensis, offer a sustainable alternative to chemical fertilisers. They increase soil microbial activity, enhance plant growth, and improve crop yields while promoting sustainable farming practices. These biofertilizers reduce reliance on synthetic inputs, improve soil fertility, and enhance nutrient absorption. Ongoing research in this field could lead to more environmentally friendly and cost-effective agricultural methods that address sustainable food production challenges.

Algal Nanoparticles

Nanoparticles (NPs) or nanomaterials are extremely small materials with dimensions ranging between 1 and 100 nm and a high surface-area-to-mass ratio (Subramaniyam et al., 2015). Algal biomass has been widely exploited for the synthesis of an array of nanomaterials and for its multitude use in green nanotechnology. Green synthesis methods are the most promising among the many synthesis techniques because they use environmentally friendly chemicals to synthesise nanoparticles and do not generate any harmful compounds or leave behind a very small quantity of waste products (Mukherjee et al., 2021). Researchers are becoming increasingly interested in using algae to synthesise inorganic nanoparticles. Three main methods are employed to synthesise nanoparticles made with algae. In addition to the direct use of two additional methods for creating nanoparticles using live algal cells, typical techniques include lysis of the algae cells, followed by extraction using several downstream methods, including centrifugation and collection, filtering, and extracting nanoparticles from the algal broth supernatants (Dahoumane et al., 2017).
Phyconanotechnology has developed as a significant research field in NP synthesis, with algae serving as a "bio-factory" for the synthesis of metallic nanoparticles. Ag-NPs were synthesised from Microcoleus sp. and tested for antibacterial activity (Rajasulochana et al., 2010). Similarly, Ag-NPs obtained from aqueous extracts of Dunaliella salina were shown to have superior anti-cancer activity compared to the marketed drug cisplatin ((Singh et al., 2017)). Singh et al. (2019) reported the effective use of D. salina AuNPs in breast cancer cell lines (Singh et al., 2019).
Reducing groups, such as hydroxyl and carboxyl groups, are abundant in carbohydrates. These groups can function as reducing agents by binding to and reducing the metal atoms. Furthermore, carbohydrates can act as capping agents, stabilising the formed nanoparticles and inhibiting further agglomeration through supramolecular interactions via inter- and intra-molecular hydrogen bonding (Chan et al., 2022). The secretory carbohydrates from C. vulgaris were evaluated for their potential by extracting the biomass from the culture and utilising it to synthesise FeOOH nanoparticles [Ghanbariasad et al., 2019). Studies have shown that exopolysaccharides extracted from Botryococcus braunii and Chlorella pyrenoidosa can be utilised in the production of silver nanoparticles (Ag NPs) (Navarroo et al., 2019). These polysaccharides serve dual purposes, acting as both reducing and capping agents, and attach to the Ag NPs surface via carboxyl and hydroxyl groups. Various microalgae species are currently under investigation due to their substantial protein content, with some cyanobacteria containing 42-70% protein and Chlorella vulgaris reaching up to 58% of its dry weight (Garcia et al., 2022). Fourier Transform Infrared Spectroscopy (FTIR) techniques are commonly employed to examine the role of proteins in nanoparticle synthesis. The reduction capability of proteins is evidenced by the oxidation of -CHO groups to -COOH groups, whereas NH2 groups typically perform capping functions through residual amino acids, such as cysteine, tyrosine, and tryptophan. Proteins exhibit a strong tendency to bind metal ions, which function as reducing agents (Shankar et al., 2016).

The algal nanoparticles demonstrated a noteworthy capacity to limit the growth of E. Coli, P. vulgaris, S. typhi, V. cholera, B. subtilis, S. aureus, Streptococcus sp., and Corynebacterium sp. Additionally,  NPs produced from algal biomass, such as Sargassum illcifolium, Gelidiellaacerosa, Colpomeniasinuosa, Turbinariaconoides, and other plants, have demonstrated anti-diabetic, anti-biofilm, in vitro cytotoxic, and anti-fungal properties (El-Rafee et al., 2013). Similarly, Chlorococcum sp. MMII, a type of soil microalga, has been used in the environmentally friendly synthesis of iron nanoparticles (Oza et al., 2012). In one study, lipid-cadmium sulphide nanoparticles were synthesised using the green alga Scenedesmus obliquus. The adsorption kinetics of Cd2+ ions were greatly accelerated throughout the synthesis, and the chemisorbed monolayer (Cd2+) irreversibly bonded to the algal biomass. Because of its high retention capacity, Scenedesmus was demonstrated to be an effective model alga for the bioremediation of Cd2+ ions. (Jena et al.,2015).


  
	Algae
	Nanoparticle
	Shape and Size
	References

	Chlorella vulgaris
	Au (Gold)
	Triangular, 0.8-2 μm,
	AlNadhari et al., 2021

	Spirogyra submaxima
	
	Spherical, 2-50nm
	

	Galaxaura elongata
	
	Spherical,3.85–77.13 nm
	Abdel-Raouf et al., 2017

	Cyanobacterium Oscillatoria limnetica
	Ag (Silver)
	Quasi spherical, 3.30–17.97 nm
	Hamouda et al., 2019

	Ulva lactuca
	
	Spherical, 20–56 nm, 
	AlNadhari et al., 2021

	Gracilaria edulis
	
	Spherical,12–100 nm
	

	Ulva fasciata
	ZnO(Zinc oxide)
	Spherical, 77.81
	Alsaggaf et al., 2021

	Sargassum muticum
	
	Hexagonal, 3–57 nm,
	AlNadhari et al., 2021

	Bifurcaria bifurcate
	CuO(Copper Oxide)
	Spherical, 5–45 nm
	Abboud et al., 2014







Pharmaceuticals 

Algal organisms are abundant sources of novel, biologically active primary and secondary metabolites. Many bioactive compounds found in microalgae have immense potential for commercial applications. They have grown in importance as sources of protein and value-added compounds with pharmaceutical and nutritional value. Because microalgae have the inherent ability to produce bioactive compounds in cells in high amounts, which are difficult to produce through chemical synthesis, they can be readily exploited as a source of natural bioactive molecules.

Algae, both microalgae and macroalgae, are recognized for their potential in the pharmaceutical industry due to their rich content of bioactive compounds. These compounds exhibit a range of biological activities, including antioxidant, anticoagulant, antimicrobial, antiviral, anti-inflammatory, anti-allergy, anticancer, and hypocholesterolemic properties (Mirza et al., 2024). The pharmaceutical applications of algae are diverse, with red algae bioactive compounds being used in drug delivery systems, and their polysaccharides showing promise in antitumor and antiviral therapies (Aziz et al., 2020). Microalgae-derived metabolites are also being studied for their role in stimulating human defense mechanisms and are considered for use in pharmacological and medical products (Bhattacharjee, 2016). Notably, despite the considerable potential of algae in the pharmaceutical industry, there exists a notable deficiency in public recognition and understanding of microalgae's health advantages, which could impede their commercial development (Mirza et al., 2024). Moreover, the bioactive compounds derived from microalgae are considered viable alternatives to conventional raw materials in pharmaceutical products, with their antioxidant qualities being particularly valued for the creation of safe and eco-friendly cosmetic products (Zhuang et al., 2021). In summary, algae are a valuable source of bioactive compounds with a wide range of pharmaceutical applications. Their potential extends from drug delivery systems to therapeutic agents for various diseases. However, increased awareness and acceptance, alongside further research, are necessary to fully realize the commercial potential of algae-derived pharmaceuticals (Aziz et al., 2020; Bhattacharjee, 2016; Mirza et al., 2024; Zhuang et al., 2021).
Chlorella sp., abundant in chlorophyll, is particularly beneficial for individuals with liver ailments or those who smoke, as well as for people experiencing intestinal issues (Adams, 2009). It is also advised for those requiring regeneration and individuals suffering from degenerative conditions affecting the muscles and nervous system. This microalgae species enhances immune and digestive functions, supports detoxification processes, promotes recovery, provides protection against radiation, and mitigates osteoarthritis-related discomfort (Adams, 2009). C. Vulgaris, considered a prized ingredient in Japanese cooking, has numerous health advantages, including boosting the immune system, exhibiting anticancer effects, decreasing the likelihood of cardiovascular ailments and cataracts, and reducing blood pressure (Morris et al., 2009).

Microalgal biomass serves as a source for extracting highly prized compounds, including pigments such as phycocyanin and carotenoids (Adarme-Vega et al., 2012; Eriksen, 2008). Phycocyanin, derived from Spirulina, possesses antioxidant and anti-inflammatory properties, making it suitable for use in nutritional and cosmetic products (Park et al., 2018; Prabhakaran et al., 2020). Additionally, this compound finds application as a natural colouring agent in various food items (Rahman et al., 2017).

Numerous cyanobacteria synthesise substances, including sulfolipids, which exhibit efficacy against herpes viruses, pneumonia viruses, and HIV (Gustafson et al., 1989; Archer, McDonald, &Jackman, 1997, Dewi et al.,2018 ). These microorganisms are capable of generating tolytoxin (6-hydroxy-7-O-methylscytophycin B), an antifungal antibiotic that is highly lethal in mice (Carmeli, Moore, & Patterson, 1990; Patterson & Carmeli, 1992). Research has demonstrated that extracts from both cells and growth media of various unicellular algae, such as Chlorella vulgaris and Chlamydomonas pyrenoidosa, possess in vitro antibacterial properties against both Gram-positive and Gram-positive bacteria (Priyadarshani & Rath, 2012). Additionally, studies have shown that extracts from green algae, diatoms, and dinoflagellates exhibit various in vitro antifungals. Over the past two decades, cyanobacteria have been the sole focus of the quest for novel antiviral drug candidates to combat a range of viral diseases, including coronaviruses (Shalaby et al., 2018; Prabhu et al., 2022). For instance, lectin, a protein naturally produced by algae and cyanobacteria, shows promising antiviral characteristics against HIV, SARS coronavirus, and Zaire Ebola virus (Huskens et al.,2012, Prabhu et al., 2022).



Algae as a source of high-value compounds

  •	Lutein  

Lutein, a significant carotenoid naturally occurring in algae, is found in human serum and various foods (Landrum & Bone, 2001). While present in most fruits and vegetables, the primary sources of lutein in human diets are corn and egg yolk (Mozaffarieh, Sacu, &Wedrich, 2003). Research has shown that lutein contributes to the delay of chronic diseases, enhances immune response, impedes cataract development and early atherosclerosis progression, and prevents vision loss or blindness associated with age-related macular degeneration (Shi, Chen, Yuan, & Chen, 1997; Zhang, Shi, & Chen, 1999; Wu, Shi, & Shi, 2007 check all reference formats). Given that humans cannot synthesise lutein, coupled with its potent antioxidant properties and potential health benefits (Sun et al. 2015), considerable efforts have been made to identify alternative sources for lutein-based dietary supplements available in the market.

Lutein has been used for pigmentation in animal tissues and products and is considered important for the natural colour of foods, drugs, and cosmetics.  Most commercially produced lutein is extracted from the petals of marigold flowers. At the same time, microalgae are becoming increasingly important because they produce higher lutein production than marigold varieties. Additionally, the area and labour required to cultivate microalgae are less than those required for marigold cultivation. Microalgae commonly used to produce lutein include Chlorella zofingiensis, Chlorella protothecoides, Neospongiococcus gelatinosum, Scenedesmus almeriensis, Chlorococcum citriforme, and Muriellopsis. (Yaakob et al., 2014).
According to Saha et al. (2020), microalgae have significant commercial potential for lutein bioproduction. 
They are more productive in terms of biomass and have a high lutein content. They can be grown in freshwater, wastewater, brackish water, or saltwater and are not reliant on weather or arable land. The primary obstacle in the generation of carotenoids from microalgae is the poor biomass growth rate that results from the stress conditions required for carotenogenesis. Thus, the two main stages of large-scale microalgal cultivation are the cultivation of microalgae under ideal circumstances for rapid development in a full growth medium and the application of stress conditions to enhance the required carotenoid content in microalgae [Novoveská et al,2019]. Numerous techniques exist to increase the amount of lutein in microalgae, including variations in light intensity, colour, growth circumstances, and nutrient constraints. Florez-Miranda et al. used a two-stage culture technique to increase biomass and lutein production in Scenedesmus incrassatulus. Heterotrophy at various temperatures was followed by photoinduction. The maximum lutein concentration was found utilising urea plus vitamins at 30 ◦C in the first stage, where various nitrogen sources and temperatures were applied; in the second stage, following 24 h of photoinduction, lutein content increased seven times. In contrast to autotrophic culture, lutein productivity was shown to be 1.6 times higher by Florez-Miranda et al. based on a comparison of autotrophic and heterotrophic growth. Therefore, heterotrophic and/or mixotrophic growth may be a preferable cultivation strategy for lutein production compared to autotrophic growth.   



•	Astaxanthin  

Astaxanthin, a xanthophyll-class carotenoid, is regarded as one of the most prized bio-products in the market. This compound functions as an antioxidant and shields the skin from UV radiation. It has a significant potential for use in the health and cosmetic industries. Its classification as a highly valued bio-product suggests its economic importance, while its antioxidant properties and ability to protect the skin from UV radiation indicate possible applications in skincare products, dietary supplements, and sun protection formulations. This could lead to increased research and development efforts to explore the full range of benefits of astaxanthin and optimise its production for commercial use. The molecule possesses two asymmetrical carbon atoms situated at the 3 and 3΄ positions of the benzenoid ring at each extremity. Owing to its inherent antioxidant properties, it has been suggested as a superior form of vitamin E (Naguib, 2000; Kupcinskas et al., 2008; Nakagawa et al., 2011). Being a naturally occurring pigment, astaxanthin's primary commercial application is as a colouring agent in aquaculture (Canales-Gómez, Correa, &Viana, 2010).

Astaxanthin, a carotenoid pigment, has significant applications and is widely utilised in the nutrition, cosmetics, food, and feed industries (Guerin, Huntley & Olaizola, 2003 see reference format). Astaxanthin is not only responsible for pigmentation but has also been associated with exceptional potential for protecting organisms against a wide range of diseases and demonstrates considerable potential and promising applications in human health (Yuan, Peng, Yin, & Wang, 2011). Natural astaxanthin has also been found to be efficacious in treating patients with functional dyspepsia caused by Helicobacter pylori (Kupcinskas et al., 2008). It is the most potent antioxidant, with a concentration approximately 10 times higher than that of other carotenoids, and provides protection against oxidative stress, cancer, diabetes, eye disease, and neurodegenerative diseases (Galasso et al., 2018). Natural astaxanthin reduces inflammatory reactions, enhances cardiovascular health, and prevents lipid peroxidation in heavy smokers (Park et al., 2010). Fish and prawns inhabiting aquatic environments exhibit rosy hues due to astaxanthin.
It exhibits antioxidant activity that is several times more potent than that of vitamin E and β-carotene, making it the most potent carotenoid (Liu et al., 2014, Gong et al., 2016). Two well-known species of microalgae, Haematococcus pluvialis and D. salina, acquire significant levels of astaxanthin (2–3% DW) and β-carotene (up to 14% DW under extreme conditions) under stress conditions (Ibanez and Cifuentes 2013). This substance stands out as the most powerful antioxidant, exhibiting approximately 10 times greater activity than other carotenoids. It offers protection against oxidative stress and various diseases, including cancer, diabetes, eye-related conditions, and neurodegenerative disorders [65]. The intake of this natural compound has been shown to decrease inflammatory responses, enhance cardiovascular health in patients, and inhibit lipid peroxidation in heavy smokers. Furthermore, D. salina outperforms all other food sources in carotenoid production, making it the most commonly utilised species within the algal biotechnology industry (Islam et al., 2017).

Natural astaxanthin can be produced by the microalgae Haematococcus, Chlorella zofingiensis, Chlorococcum sp., and the yeast Xanthophyllomycesdendrorhous (Del Campo et al., 2004; Zhao, Chen, Zhao, & Hu, 2009; Rodríguez-Sáiz, de la Fuente, &Barredo, 2010; Yuan, Peng, Yin, & Wang, 2011)


	Compounds
	Products
	Algae
	Health benefits
	References

	
	Lutein
	Scenedesmus spp., Muriellopsis sp., C. sorokiniana
	Antioxidant, anti-inflammatory, Food additive  

	Nwachukwu et al., 2016; Gayathri et al., 2016

	
	Astaxanthin
	Haematococcus pluvialis, C. zofingiensis, Botryococcus brauni
	Antioxidant, anti-inflammatory

	Ciccone et al.,2013
Panis and Carroean.,2016

	
	Chlorophyll


	Chlorella vulgaris, Monoraphidium, Gloeothece membranacea
	
	Garcia et al., 2017
Levasseur et al., 2020







· PUFAs

PUFA (polyunsaturated fatty acids) have long hydrocarbon chains with more than one double bond. PUFAs can be classified into omega-3 and omega-6 fatty acids (n-3 and n-6 families, respectively) based on the position of the first C-C double bond present in a fatty acid chain of 18 or more carbon atoms related to the last methyl end of the PUFA molecule. As part of a healthy lifestyle, polyunsaturated fatty acids (PUFA) such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are known to promote sound health in humans. Fish oil, a major source of DHA and EPA, has been successfully exploited and has reached a peak in global production (Winwood, 2013).

The primary dietary source of EPA and DHA is fish oil, which is extracted from salmon and cods. Owing to their low oxidative stability, poor taste, and non-vegetarian origin, these oils have limited applications. Microalgal-derived EPA and DHA are, therefore, more valuable and well-appreciated in the market. However, only EPA can be produced from algae on an industrial scale, whereas DHA can only be produced on a laboratory scale (Patil et al., 2005; Patil, Källqvist, Olsen, Vogt, &Gislerød, 2007; Milledge, 2011). DHA is present in a small number of foods, including organic meat and fatty fish. It is also naturally present in breast milk, although its amount in milk may vary depending on the environment; however, it is absent in cow milk (Thiombiano-Coulibaly et al., 2003). 

Schizochytrium, Crypthecodinium, and Ulkenia are microalgae that produce large amounts of DHA, that is, > 40% of the total fatty acids. Other common PUFA-producing microalgae are Labyrinthula, Thraustochytrium, Phaeodactylum tricornutum, Nannochloropsis, Porphyridium cruentum, Monodus subterraneus, Pavlova salina, Chaetoceros calcitrans, Isochrysis galbana, and Crypthecodinium cohnii (Mourelle et al., 2017).



	Compounds
	Products
	Algae
	Health benefits
	References

	PUFAs
	Docosahexaenoic acid (DHA),Eicosapentaenoic acid (EPA), Arachidonic acid (AA), γ-linolenic acid (GLA), and 
	Nannochloropsis oculata, C. vulgaris, B. braunii, Crypthecodinium cohnii, Ulkenia, S. obliquus, Schizochytrium, Labyrinthula, Isochrysis galbana, Thraustochytrium, Phaeodactylum tricornutum, Nannochloropsis, P.  cruentum, Monodus subterraneus, Pavlova salina, Chaetoceros calcitrans, Isochrysis galbana
	Cardiovascular benefits, improves nervous system development and function of the brain
Improves normal growth
	Garcia et al., 2017
Levasseur et al., 2020
Mourelle et al., 2017



Cosmetics

The contemporary trend in the cosmetics industry is to develop products that fulfil consumers' requirements for multifunctional benefits with minimal effort. Cosmetic pharmaceuticals, alternatively termed cosmeceuticals, incorporate bioactive compounds that are principally utilised to enhance the biological function of the skin. Algae are frequently used as thickeners, water-binding agents, and antioxidants in cosmetics. Microalgae extracts are most commonly found in face and skin care products, algae offer a wide array of benefits in cosmetics, including anti-aging, skin-whitening, UV protection, moisturizing, and antioxidant properties (Oktaviani et al., 2023; Thiyagarasaiyar et al., 2020. Sun protection and hair care products also contain microalgae. Commonly used algae in the cosmetic industry include Spirulina sp., Chlorella sp., and Arthrospirasp. (Fabrowska, Łęska, Schroeder, Messyasz, &Pikosz, 2015).

Skin whitening agents derived from microalgae function by suppressing the tyrosinase enzyme, thereby diminishing the production of melanin pigment. This technique is widely regarded as the most common approach to skin whitening, given that melanin is the substance accountable for the colouration of skin, hair, and eyes (Wang, Chen, & Wen, 2011). Marine microalgae yield fucoxanthin and phloroglucinol derivatives, which have shown the ability to impede melanin formation. As a result, marine microalgae are considered a promising reservoir of tyrosinase-inhibiting compounds. Interestingly, while marine algae have been the primary focus, recent research suggests that freshwater macroscopic green algae species may also be a rich source of bioactive substances with potential cosmetic applications (Leska et al., 2018). This opens up new avenues for exploration in the cosmetics industry. Additionally, the concept of "blue cosmetics" has emerged, emphasizing the use of natural active ingredients from marine sources, including algae (Pagels et al., 2022). 

The development of matrix metalloproteinase, which degrades skin collagen, is responsible for the formation of wrinkles in the skin. This process is typically triggered by reactive oxygen species resulting from oxidative stress. Research has demonstrated that phenolic compounds extracted from marine microalgae can impede the production of matrix metalloproteinases, thus slowing down the ageing process of the skin (Thomas & Kim, 2013). Algae-derived hydrocolloids, which are biopolymers, enable the creation of products with enhanced stability and novel structures (Dłuzewska & Krygier, 2007). Phycocolloids, including carrageenan, agar, and alginate, serve as emulsifiers, viscosifiers, and gelators, making them valuable in both scientific and industrial applications (Singh et al., 2017).

  
Conclusion  

Algae offer a diverse array of valuable molecules and have significant potential for various industrial applications. Their ability to produce clean, renewable fuels, such as biodiesel, makes them an attractive alternative to fossil fuels. Moreover, the exceptional carbon sequestration capabilities of algae contribute to mitigating global warming by rapidly converting carbon dioxide into biomass. This characteristic, combined with their ability to transform pollutants into nutrients, makes algae a promising solution for wastewater treatment and environmental remediation.
The nutritional profile of algae is equally impressive as they are rich sources of essential proteins, carbohydrates, polyunsaturated fatty acids (PUFAs), and vitamins. However, despite these numerous advantages, several obstacles hinder the full realisation of the potential of algae. A significant disparity exists between our understanding of different algae types and their industrial applications. To bridge this gap and develop more sophisticated algal applications in the industry, extensive interdisciplinary research is required. This research should focus on optimising cultivation techniques, improving extraction methods for valuable compounds, and enhancing the scalability of algae-based processes. By addressing these challenges, we can unlock the full potential of algae and harness their benefits across various sectors, including energy production, environmental conservation, and nutrition.
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