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Abstract
The marine ecosystem is a vast source of diversified biota that includes more than half of the world’s biota including 
marine microorganisms; algae, invertebrates, and fish. Most of these organisms constitute complex biomolecules, allow-
ing, them to thrive under extreme environmental conditions. These biomolecules are proteins, lipids, polysaccharides, 
phenolics, peptides, etc. perform various biological functions depending on the source. In addition to the basic func-
tions, they also exhibit diverse functional properties such as antimicrobial, antioxidant, anti-inflammatory, anticoagulant, 
antidiabetic and antihypertensive properties etc., which make them potential candidates for application in the food and 
pharmaceutical industry. The marine microalgae and cyanobacteria are a very rich source of these functional molecules 
with several biological applications related with health benefits and food applications. The viewpoint details the potential 
and bioactive compound profile of marine micro algae, extraction and characterization of bioactive compounds from 
marine micro algae and its application in the food industry.
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1  Introduction

Microalgae, a diverse assemblage of photosynthetic microorganisms, are captivating researchers with their ability to 
bridge the gap between environmental sustainability and nutraceutical potential. Not only do they efficiently capture 
carbon dioxide and light, converting them into biomass rich in primary metabolites (lipids, carbohydrates, proteins, and 
pigments), but they also hold great promise for producing high-value bioactive compounds [1]. With more than 7000 
identified species [2], boasting rapid growth rates and the ability to thrive in diverse environments (freshwater, brackish 
water, seawater), microalgae offer a versatile platform for sustainable production of bioactive compounds [3, 4]. Their 
impressive adaptability comes from their ability to form highly resistant spores, ensuring survival in harsh conditions [5].
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The allure of microalgae extends beyond their primary metabolites. They show remarkable versatility in generating a 
wide range of valuable compounds, including lipids for biofuels, polyunsaturated fatty acids (PUFAs) for nutritional sup-
plements, and carotenoids for food and pharmaceutical applications [6]. This impressive repertoire of chemicals, which 
includes peptides, carotenoids, steroids, fatty acids, polysaccharides, and halogenated compounds, exhibits a broad 
spectrum of biological activities, particularly antibacterial and anticancer properties [7]. Their modes of action range from 
targeting specific cellular pathways to inhibiting cell division and inducing apoptosis [1], effectively contributing to the 
prevention and treatment of various diseases, including cancer. For example, the potent antioxidant astaxanthin, abun-
dantly found in certain microalgae species, emerges as a “super antioxidant” with a plethora of health benefits [2, 8, 9].

Microalgae-based bioactive compounds offer a win–win scenario for both environmental sustainability and economic 
viability. Their potential for co-production of high value added products presents an attractive strategy to offset the high 
production costs associated with microalgae cultivation and processing [10]. Furthermore, compared to land plants 
traditionally relied on for natural products, microalgae boast an estimated tenfold greater diversity in their bioactive 
compounds [11]. This extraordinary richness underscores their immense potential as a source of novel and valuable 
bioactive molecules (Table 1). Microalgae also possess inherent advantages that facilitate the extraction and utilization 
of their bioactive compounds. Unlike terrestrial plants, they lack intricate lignocellulosic cell walls and root systems, 
making them easily degradable and simplifying the extraction process [12]. This attribute differentiates them from land 
plants and enhances their suitability for bioactive compound extraction. In addition, microalgae production is largely 
independent of climatic fluctuations, leading to higher and more consistent yields compared to land-based crops [13]. 
This year-round reliability underscores their suitability for sustainable and consistent production of bioactive compounds 
for diverse applications, spanning the nutritional and pharmaceutical sectors.

The unique combination of diverse bioactive compounds, ease of processing, and consistent year-round production 
position microalgae as an untapped and valuable resource for the development of multifaceted food applications. As 
research delves into their bioactive potential, unlocking these tiny powerhouses promises to revolutionize not only the 
food industry but also various health and industrial sectors.

2 � Microalgae as sources of bioactive compounds

Microalgae encompass various taxonomic groups, including diatoms, dinoflagellates, green algae, red algae, and blue-
green algae. They exhibit diverse morphological characteristics, and their taxonomic identification is based on morpho-
logical and genetic features [14]. The physiological and ecological characteristics of microalgae vary widely depending 
on their taxonomic group and habitat. For example, they can be found in freshwater and marine environments, and 
their growth and metabolic activities are influenced by factors such as light, temperature, and nutrient availability [14].

2.1 � Advantages and challenges of microalgae cultivation and harvesting for food applications

Microalgae boast immense potential as a sustainable source of bioactive compounds for food applications. However, 
successful commercialization is dependent on efficient cultivation and harvesting practices. The table (Table 2) combines 
the advantages and challenges discussed above, highlighting their relationship across key aspects.

3 � Microalgal bioactive compounds for functional food formulation

The extraction, purification, and modification of bioactive microalgal compounds are crucial steps to exploit their poten-
tial for application in the food industry. Solvent extraction, enzymatic hydrolysis, membrane filtration, and chemical 
modification are among the key methods and technologies used in this process (Table 3). Each technique has its advan-
tages and limitations, and careful optimization and selection are necessary to maximize the yield, bioactivity, and safety 
of the extracted compounds.
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3.1 � Extraction technologies to effectively extract bioactive compounds from microalgae

The collection of marine algae consists primarily of harvesting from coastal areas or beaches. The collected algae then 
undergo a rigorous cleaning process to remove salt residues, impurities, and epiphytes. This typically involves multiple 
washing steps with seawater or freshwater, depending on the specific protocol. To optimize extraction, the cleaned algae 
are often dried and milled to increase their surface area and allow for uniform distribution. This enhances the efficiency 
of subsequent extraction processes and facilitates a more accurate analysis of the target bioactive compounds. Further-
more, these pretreatments play a crucial role in selectively isolating specific compounds by minimizing the coextraction 
of other algal components with similar properties. For example, pretreatment of algae with a solvent mixture such as 
methanol/chloroform/water (4:2:1 ratio) has been shown to be effective in preventing the co-extraction of unwanted 
compounds during aqueous isolation of fucoidan [15].

3.1.1 � Conventional approaches to extracting

The extraction with solvents and hydrodistillations extraction is one of the most commonly used methods for extract-
ing bioactive compounds from microalgae [16]. It involves the use of organic solvents, such as ethanol, methanol, and 
acetone, to dissolve and extract the desired compounds. The choice of solvent is crucial because it affects the selectivity, 
efficiency, and safety of the extraction process. Various factors, including solvent polarity, temperature, extraction time, 
and solvent-to-sample ratio, influence the extraction efficiency. Additionally, optimization techniques, such as response 
surface methodology and Box-Behnken design, are often used to enhance the extraction yield and bioactivity of the 
extracted compounds.

 These methods are based on the differential solubility of desired compounds in specific solvents [17]. Although effec-
tive, they can suffer from limitations such as long extraction times, high solvent consumption, and potential damage to 
delicate bioactive molecules [18]. While established, Soxhlet extraction faces inherent limitations. One concern is mass 
transfer resistance, arising from the multiphase nature of the process. This can lead to prolonged extraction times, influ-
enced by the diffusion rate of the chosen solvent [19]. In addition, conventional techniques are often energy-intensive 
[20] and involve manual steps, which affects reproducibility and consistency. Furthermore, the extraction process itself 
can affect the bioactivity of delicate compounds, such as fucoxanthin, potentially reducing yields. Similarly, the chosen 
pH, temperature, and pressure significantly influence the structure and activity of the extracted molecules. Finally, the 
reliance on organic solvents raises environmental concerns. For example, n-hexane, a common choice, is listed as a 
hazardous air pollutant by the US Environmental Protection Agency [21].

With these limitations and the growing demand for sustainable algae bioactives in mind, the development of alterna-
tive extraction technologies becomes imperative. These methods should prioritize selectivity, efficiency, cost effective-
ness, and environmental responsibility. Ideally, they would facilitate rapid extraction with high yields while complying 
with the relevant regulations.

3.1.2 � Advanced approaches to extraneous extraction

3.1.2.1  Enzymatic hydrolysis  Microalgae boast a treasure trove of bioactive compounds, but their cell walls act like sturdy 
vaults, composed of intricate polysaccharides, proteins, and tightly bound ions [22]. Enzymatic hydrolysis is a technique 
that uses enzymes to break down complex biomolecules into smaller fragments, facilitating the extraction of bioactive 
compounds from microalgae. Enzymes, such as cellulases, proteases, and lipases, are employed to specifically target 
the cell walls and membranes of microalgae, releasing intracellular bioactive compounds. Enzyme-assisted extraction, 
a sustainable and gentle technique that replaces harsh solvents with the precision of these natural catalysts, offers sev-
eral advantages, including high selectivity, mild reaction conditions, and reduced environmental impact. Under optimal 
temperature and pH conditions, enzymes such as carbohydrases and proteases (eg Viscozyme, Termamyl, Neutrase) 
selectively dismantle unnecessary cell wall components while releasing the desired bioactives [23].

This “biounlocking” method offers several advantages. Firstly, it overcomes the solubility limitations of certain com-
pounds in water, making extraction more efficient. Second, its environmentally friendly nature eliminates the need for 
hazardous solvents, reducing the environmental impact and improving food safety [24]. Additionally, the cost-effective-
ness of readily available food-grade enzymes adds to its appeal. Perhaps the most crucial benefit is the ability to preserve 



Vol.:(0123456789)

Discover Food            (2024) 4:27  | https://doi.org/10.1007/s44187-024-00096-6	 Review

the potency of the bioactives. Unlike harsh extraction methods, enzymes work with gentle precision, maintaining the 
original efficacy of the extracted compounds [25]. This opens the door to various applications, from functional food 
formulations to nutraceuticals, and beyond. However, choosing the right enzyme is crucial. Different enzymes possess 
specific catalytic properties and target specific substrates. Careful consideration of these factors, along with optimal 
treatment time and temperature conditions, ensures maximum extraction yield [25].

3.1.2.2  Unlocking microalgal treasures: chemical modification and  membrane filtration  The bounty of bioactive com-
pounds locked within microalgae holds immense potential to enrich food products with health-promoting properties. 
However, accessing this bounty often requires overcoming challenges related to stability, solubility, and bioavailabil-
ity [26]. Chemical modification offers a transformative approach by, altering the molecular structure of bioactive com-
pounds to enhance their suitability for food applications. Techniques such as acylation, esterification, glycosylation, and 
derivatization can improve solubility, making them easier to incorporate into food formulations [27]. For example, [28] 
acknowledges that esterifying Chlorella beta-glucan increases its solubility in water, allowing its inclusion in beverages 
and baked goods. In addition, bioavailability, the ease with which our bodies absorb and utilize these compounds, can 
be improved through chemical modifications. This can be achieved by masking functional groups that may interact with 
digestive enzymes, delaying breakdown and ensuring greater absorption in the intestine.

However, chemical modification requires careful consideration. Choosing the right reagents and reaction conditions 
is crucial to avoid undesired side reactions and to maintain the integrity of the bioactive compound. In addition, residual 
chemical traces raise concerns about safety and consumer acceptance in food products. Therefore, the discovery of 
natural, food-grade modifiers and optimizing reaction conditions remain ongoing challenges in this field. Membrane 
filtration, on the other hand, takes a physical approach to unlocking the bounty of microalgal [29]. This technique utilizes 
porous membranes that selectively allow bioactive compounds of specific sizes to pass through, effectively concentrating 
and purifying them from the extract. Depending on the size of the pores, membranes can be classified as microfiltration, 
ultrafiltration, nanofiltration, and reverse osmosis, offering various levels of selectivity [30]. This method boasts several 
advantages for food applications:

•	 High selectivity: membranes can be customized to isolate specific bioactive compounds from the complex mixture 
present in the extract, ensuring targeted enrichment of desired nutritional properties in food products [31].

•	 Continuous operation: unlike batch processes often used in chemical modification, membrane filtration allows for 
continuous processing, increasing efficiency and scalability [32].

•	 Low energy consumption: compared to other extraction methods, membrane filtration requires minimal energy, 
making it an environmentally friendly option [33].

However, this technique also faces challenges. The presence of impurities in the extract can cause membrane foul-
ing, clogging pores and hindering filtration efficiency [34]. To address this, pretreatment steps such as centrifugation or 
enzymatic clarification are often used [35]. Additionally, optimizing membrane materials and cleaning protocols play a 
crucial role in maintaining long-term performance and ensuring food-grade purity of the extracted compounds. Both 
chemical modification and membrane filtration offer valuable tools for unlocking the vast potential of microalgal bioac-
tive compounds for food applications. While each approach presents distinct advantages and challenges, its successful 
integration and optimization hold the key to enriching our food landscape with the health-promoting treasures hidden 
within these microscopic marvels.

3.1.2.3  Ultrasound‑assisted extraction (UAE)  Ultrasound-assisted extraction (UAE) provides a powerful and versatile tool 
to unlock the vast library of bioactive compounds stored within microalgae [36]. However, unlocking these treasures 
often requires overcoming the formidable barrier of their robust cell walls. UAE emerges as a potent weapon in this 
battle, utilizing inaudible sound waves (frequencies exceeding 20 kHz) to breach these defenses and facilitate efficient 
extraction. Unlike conventional extraction methods, UAE operates on a purely mechanical principle. The propagation of 
ultrasound waves induces rapid fluctuations in pressure, leading to the formation and violent collapse of cavitation bub-
bles within the extraction medium. This phenomenon generates immense localized shear forces and microjet streams, 
effectively disintegrating microalgal cell walls and liberating entrapped bioactives [37].

Unleashing the microalgal bounty with UAE requires a multi-pronged attack. First, cavitation’s turbulent battlefield 
fosters rapid diffusion of liberated bioactives within the solvent, akin to soldiers swiftly traversing a chaotic landscape. This 
significantly accelerates the extraction process, ensuring valuable molecules reach the front lines faster. Second, intense 
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shear forces act as microscopic battering rams, weakening and breaching the cell walls, much like siege towers toppling 
a castle. This increased permeability facilitates the release of previously locked intracellular treasures within. Moreover, 
by carefully tuning the ultrasonic parameters, we can become strategic treasure hunters. By exploiting the differential 
susceptibility of bioactives to cavitation, we can selectively unlock specific targets, similar to discovering hidden gems 
amidst a trove of riches. Finally, unlike traditional extraction methods that leave an environmental scar, UAE is a champion 
of sustainability. It rejects harsh chemicals, opting for a more green and ethical approach that perfectly aligns with the 
growing demand for eco-friendly practices in the functional food industry [38]. In essence, the UAE offers a powerful and 
environmentally conscious siege, not on microalgae themselves, but on the barriers that hold their treasures captive, 
paving the way for a bountiful harvest of bioactive compounds for functional food formulations.

Furthermore, UAE boasts remarkable versatility, adapting to various experimental and industrial scales [39]. From 
small-scale laboratory setups to large-scale biorefinery operations, the adaptable nature of UAE allows efficient extrac-
tion in diverse production capacities. Furthermore, researchers are actively exploring the synergistic integration of UAE 
with other extraction technologies, such as microwave-assisted extraction (MAE) and supercritical fluid extraction (SFE) 
[40]. These combined approaches potentially unlock even greater extraction prowess, maximizing the yield and purity 
of targeted bioactives.

3.1.2.4  Pressurized liquid extraction (PLE)  For decades, pressurized liquid extraction (PLE), also known as accelerated 
solvent extraction, high pressure solvent extraction, pressurized fluid extraction, or enhanced solvent extraction, has 
offered a promising solution for extracting bioactive compounds from microalgae [41]. Unlike conventional Soxhlet 
extraction, PLE operates under controlled high temperatures (50–200 °C) and pressures (3.5–20 MPa), pushing solvents 
beyond their boiling points. This “superheated” state dramatically increases their extraction power. The magic lies in the 
interaction of elevated temperature and pressure. High heat enhances solubility and mass transfer, effectively breaking 
down intracellular bonds and liberating valuable compounds. Gleichzeitig, reduced viscosity and surface tension of the 
solvent improve its penetration into the algal matrix, leading to faster and more complete extraction.

PLE shines in its solvent efficiency. Compared to traditional methods, it significantly reduces the required solvent vol-
ume, minimizing environmental impact and cost [42]. Moreover, PLE caters to a broader range of solvents compared to 
that of supercritical fluid extraction (SFE), offering greater flexibility in tailoring the process to specific target compounds. 
However, PLE has its own limitations. High temperatures and pressures can degrade heat-sensitive bioactives, making 
them unsuitable for certain microalgal components. Additionally, PLE, while offering improved control over selectivity 
compared to Soxhlet, still falls short of the targeted precision achievable with SFE [43].

3.2 � Microalgal bioactive compounds in functional food

Bioactive microalgal compounds, such as those found in Spirulina (Cyanophyceae), Chlorella, Dunaliella, and Haematococ-
cus (Chlorophyta), have numerous applications and benefits in functional food formulation (Table 4). These compounds 
can enhance the nutritional value, functional properties, sensory attributes, and health effects of food products. For 
example, Spirulina contains carotenoids, phenolic compounds, phycocyanin, and chlorophylls, which can be used as 
natural antioxidants and coloring agents. Spirulina also has anticancer, neuroprotective, probiotic, anti-inflammatory, 
and immune system stimulating effects [44]. Chlorella contains nutrients and bioactive compounds that promote human 
health and prevent certain diseases, such as antioxidant, anti-inflammatory, and immunomodulatory properties [45]. 
Dunaliella is easily digestible and contains quality essential amino acids, polysaccharides, and phenolic compounds, 
making it a promising alternative source of prebiotics and a potential functional nutrition supplement [46, 47]. Haema-
tococcus lacustris (formerly Haematococcus pluvialis) is rich in astaxanthin, a powerful antioxidant that supports eye, skin, 
immune and cardiovascular health, and reduces inflammation. These bioactive compounds of microalgae can be used 
to develop innovative functional food products that provide specific health benefits.

Consuming microalgae has been associated with several health benefits due to their diverse bioactive compounds 
[48]. Some of the reported health benefits include antihypertensive effects [49], anti-obesity properties [50], antioxidant 
properties [51], anticancer effects [47], cardiovascular protection [52], nutritional properties such as high levels of protein 
[53], carbohydrates [54], polyunsaturated fatty acids [55] and vitamins [56]. These health benefits make microalgae a 
promising candidate for the development of functional foods with potential positive impacts on human health.

Two distinct peptides isolated from Nannochloropsis oculata (Eustigmatophyceae), Gly-Met-Asn-Asn-Leu-Thr-Pro and 
Leu-Glu-Gln, showed antihypertensive activity through inhibition of the angiotensin-converting enzyme (ACE) with IC50 
values of 123 µM and 173 µM, respectively [49]. These findings suggest that microalgal peptides possess potential for 
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blood pressure regulation through two key mechanisms: (i) direct inhibition of ACE, a key enzyme responsible for vaso-
constriction, and (ii) stimulation of the endothelial nitric oxide synthase (eNOS) pathway, thus promoting vasodilation and 
nitric oxide production. Preclinical and clinical evidence suggests that several microalgae possess anti-obesity proper-
ties [57]. Species such as Euglena gracilis (Euglenophyceae), Phaeodactylum tricornutum (Bacillariophyceae), Limnospira 
maxima (formerly Spirulina maxima), Arthrospira platensis (formerly Spirulina platensis) (Cyanophyceae), and Nitzschia 
amabilis (formerly Nitzschia laevis) (Bacillariophyceae) exhibit these effects through various mechanisms. Primarily, they 
inhibit preadipocyte differentiation and suppress de novo lipogenesis and triglyceride assembly, reducing fat accu-
mulation. In addition, they stimulate lipolysis and fatty acid oxidation, further promoting fat breakdown. In particular, 
microalgae can activate thermogenesis in brown adipose tissue and induce browning in white adipose tissue, leading 
to increased energy expenditure. Beyond reducing body fat, microalgae treatment also improves other markers associ-
ated with obesity, including elevated plasma lipids, insulin resistance, diabetes, and low-grade systemic inflammation. 
The anti-obesity effects and improvements in comorbidities observed in preclinical studies have been further validated 
in clinical trials [58]. Levasseur et al. [56] identified a hydrogen atom donation mechanism as the underlying principle 
behind the antioxidant activity of specific microalgal pigments, including phenolic compounds.

Jaagichlorella luteoviridis (formerly Heterochlorella luteoviridis) (Trebouxiophyceae), rich in β-carotene (0.19 mg/g), 
suppresses tumor growth via its antioxidant and anti-inflammatory properties. Chaetoceros sp. (Mediophyceae), contain-
ing 5.13 mg/g fucoxanthin [59], induces apoptosis in colon cancer cells. Haematococcus lacustris, with astaxanthin levels 
ranging from 1.95 to 2.75%, exhibits potent antitumor activity through multiple mechanisms, including DNA damage and 
cell cycle arrest. Chromochloris zofingiensis (formerly Chlorella zofingiensis) (Trebouxiophyceae), with 1.5% astaxanthin, 
shows similar antiproliferative effects against various cancer cell lines [60]. Large-scale research suggests a link between 
the consumption of marine algae and improved cardiovascular health. For example, a study involving more than 86,000 
participants linked increased flavonoids intake with a decreased risk of heart disease [61]. Furthermore, animal studies 
have shown that diets enriched with specific types of marine algae, such as the polysaccharide-rich red microalga Dixo-
niella grisea (formerly Rhodella reticulata) (Rhodellophyceae), can lead to lower cholesterol levels [62].

The wonders of nature, phycobiliproteins, are colorful proteins found in cyanobacteria, red algae, and other aquatic 
species [63]. These water-loving proteins capture light energy across a rainbow of wavelengths (470–660 nm), categorized 
into four distinct groups according to their maximum absorption: vibrant pink/red phycoerythrins, blue phycocyanins, 
reddish allophycocyanins, and orange phycoerythrocyanins. Their remarkable light-grabbing abilities stem from their 
clever architecture. Each phycobiliprotein is built from two different protein chains, each tightly linked to a pigment 
molecule called a chromophore. The specific amino acid sequence and the number of double bonds within these chromo-
phores are like a secret code, dictating the unique colors and light-absorbing properties of each type. This precise design 
not only fuels photosynthesis in their host organisms, but also, interestingly, grants them potent antioxidant capabilities.

A survey by Mourelle et al. [54] revealed a treasure trove of various polysaccharides hidden within six key microalgal 
genera: Porphyridium (Porphyridiophyceae), Phaeodactylum (Bacillariophyceae), Chlorella (Trebouxiophyceae), Tetraselmis 
(Chlorodendrophyceae), Isochrysis (Coccolithophyceae), and Rhodella (Rhodellophyceae). These versatile molecules play 
several roles in the microalgal world, acting as shields against environmental threats, as fuel stores for energy, and 
building blocks for structure. They come in various forms, from pectins and protein-linked sugars to intriguing, sulfated 
polysaccharides (SPS) and simpler homo- and heteropolysaccharides. In particular, the research spotlight shines bright-
est on the sulfated family, with its impressive anti-inflammatory potential attracting considerable attention [64]. Human 
metabolism lacks complete biosynthetic pathways for essential polyunsaturated fatty acids (PUFAs), which require their 
dietary acquisition. These PUFAs are classified into two primary groups: omega-3 fatty acids (including α-linolenic acid 
(ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)) and omega-6 fatty acids (including arachidonic 
acid (ARA), linoleic acid (LA), γ-linoleic acid (GLA) and conjugated linoleic acid (CLA). The health benefits associated with 
the consumption of microalgae can be partially attributed to their rich PUFA content. These fatty acids have shown 
neuroprotective and ophthalmic benefits, in addition to their protective roles against cardiovascular diseases, obesity, 
diabetes, and arthritis. Crypthecodinium (Dinophyceae), Schizochytrium (Fungi), and Ulkenia sp. (Labyrinthulea) are rec-
ognized as potent PUFA producers within the microalgal realm. However, other genera such as Phaeodactylum, Monodus 
(Xanthophyceae), Nannochloropsis (Eustigmatophyceae), and Porphyridium also exhibit significant levels of DHA and EPA, 
highlighting the diverse potential of microalgae as dietary sources of these PUFAs that promote health [65].

Microalgae offer a promising avenue to diversify and potentially exceed established sources of essential vitamins in 
the human diet. In particular, although microalgae themselves may not directly produce vitamin A, they have consider-
able potential as reservoirs of precursor molecules like α- and β-carotenes and retinol, known for their protective effects 
against certain cancers [66]. Demonstratively illustrates this potential, showing Nannochloropsis oceanica capable of 
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accumulating up to 1 µg/g dry weight of vitamin D3 under optimized ultraviolet B exposure. This exceeds baseline levels 
by more than 250 times, highlighting the inducible capacity of certain microalgae for vitamin D3 biosynthesis. Similarly, 
studies by [67, 68] have shed light on the exceptional vitamin B9 and K1 content of Chlorella spp. and cyanobacteria, 
respectively. Chlorella’s reported vitamin B9 concentration surpasses that of soy flour, a commonly recognized source, 
by more than 100%. Cyanobacteria, meanwhile, boast a vitamin K1 level six times higher than parsley, a well-established 
dietary source. In particular, [67] also reported a notable vitamin B12 content in Chlorella spp., exceeding daily require-
ments by a factor of five. However, it is crucial to acknowledge the scarcity of data on the bio-accessibility and bioavail-
ability of microalgal vitamins. Addressing this knowledge gap through focused research is vital for health regulatory 
agencies and the food industry to consider microalgae as a viable source of vitamins for functional food formulations.

4 � Future perspectives and challenges

Microalgae offer a stunning glimpse into the future of sustainable food, but their consumption presents potential safety 
challenges that required careful consideration. One of the major challenges in the utilization of bioactive microalgal 
compounds is the safety and regulatory issues associated with their use in functional foods. Due to the novelty of these 
compounds, there is a lack of comprehensive safety assessments and regulatory guidelines. It is crucial to conduct thor-
ough toxicological studies to ensure the safety of these compounds before they can be incorporated into food products. 
In addition, the establishment of clear regulatory frameworks will facilitate the commercialization and acceptance of 
microalgal-based functional food products. Unique proteins and polysaccharides within certain strains raise concerns 
about allergic reactions [69]. Although data on human allergic responses are limited, research is crucial for identifying 
potential allergenic compounds and assessing their risks.

The presence of toxin-producing strains requires robust identification and exclusion measures to ensure safety. Toxins 
such as microcystins, anatoxins, and saxitoxins pose serious health threats [70], highlighting the importance of controlled 
cultivation environments and rigorous monitoring. Furthermore, the high content of nucleic acid in the biomass of 
microalgae can increase uric acid, potentially leading to gout and kidney stones [71]. The exploration of strategies like 
genetic manipulation or optimized processing methods to reduce nucleic acid content is vital. Another limitation is the 
stability and bioavailability of bioactive compounds of microalgae. Many of these compounds are sensitive to environ-
mental conditions such as light, temperature, and oxygen, which can lead to degradation and loss of their beneficial 
properties [72]. Moreover, their poor bioavailability in the human body limits their effectiveness. Therefore, it is essential 
to develop effective encapsulation and delivery systems to enhance the stability and bioavailability of these compounds 
in functional food products.

Consumer acceptance and preference are critical factors that determine the success of any functional food product. 
Although microalgal bioactive compounds offer numerous health benefits, their distinct taste, odor, and appearance 
may pose challenges in terms of consumer acceptance [73]. Therefore, it is necessary to conduct consumer studies to 
understand their preferences and develop strategies to mask or improve the sensory attributes of microalgal-based 
functional food products.

Furthermore, the economic feasibility and sustainability of bioactive microalgal compounds must be considered. The 
microalgae cultivation and extraction processes can be resource-intensive and costly, making it challenging to scale up 
production [74]. Furthermore, the environmental impact of large-scale microalgal cultivation must be evaluated to ensure 
sustainability. Exploring cost-effective cultivation methods and developing efficient extraction techniques will play a 
crucial role in making bioactive microalgal compounds economically viable and sustainable. Despite these challenges, the 
future of microalgae remains promising. Cultivating these organisms in controlled environments minimizes contamina-
tion risks and allows for targeted selection of high-nutrient strains. Optimization of extraction and modification methods 
is another important area of focus. Developing efficient and environmentally friendly extraction techniques will help 
maximize yield and preserve the bioactivity of microalgal compounds. Furthermore, exploring innovative modification 
methods such as enzymatic or microbial biotransformation can enhance the functionality and bioavailability of these 
compounds in functional food products. Establishing comprehensive regulatory frameworks for the production and 
processing of microalgal foods is crucial, including mandatory labeling to inform consumers about potential allergens, 
nucleic acid content, and the processing methods used. Continuous research on microalgal biology, toxicology, and 
processing technologies holds the key to addressing safety concerns and unlocking the full potential of these versatile 
organisms as a sustainable resource for future generations.



Vol.:(0123456789)

Discover Food            (2024) 4:27  | https://doi.org/10.1007/s44187-024-00096-6	 Review

Acknowledgements  Not applicable.

Author contributions  Siddhnath Kumar—literature collection and writing introduction part and overall editing Vijay Kumar Reddy Surasani—
outline preparation, manuscript editing and proof reading Arashdeep Singh—writing the draft and editing Shiv Mohan Singh—writing the 
draft and editing Hauzou Kim—writing the draft and editing Narasimha Murthy L—writing the draft and editing Kirankumar Gopalbhai 
Baraiya—writing the draft and editing.

Data availability  No datasets were generated or analysed during the current study.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Saadaoui I, Rasheed R, Abdulrahman N, Bounnit T, Cherif M, Al Jabri H, Mraiche F. Algae-derived bioactive compounds with anti-lung 
cancer potential. Mar Drugs. 2020;18(4):197.

	 2.	 Molino A, Mehariya S, Di Sanzo G, Larocca V, Martino M, Leone GP, Marino T, Chianese S, Balducchi R, Musmarra D. Recent developments 
in supercritical fluid extraction of bioactive compounds from microalgae: role of key parameters, technological achievements and chal-
lenges. J CO2 Util. 2020;36:196–209.

	 3.	 Agrawal SC. Factors affecting spore germination in algae—review. Folia Microbiol. 2009;54:273–302.
	 4.	 Cheregi O, Ekendahl S, Engelbrektsson J, Strömberg N, Godhe A, Spetea C. Microalgae biotechnology in Nordic countries—the potential 

of local strains. Physiol Plantarum. 2019;166:438–50.
	 5.	 Koleva-Valkova L, Petrov V, Harizanova A, Marinkov K, Sevov A, Vassilev A. Microalgae effects on the photosynthetic performance and 

growth parameters of barley grown on soil contaminated with petroleum products. Scientific Papers. Series A. Agronomy. 2020;63(2).
	 6.	 Olguín EJ, Sánchez-Galván G, Arias-Olguín II, Melo FJ, González-Portela RE, Cruz L, De Philippis R, Adessi A. Microalgae-based biorefiner-

ies: challenges and future trends to produce carbohydrate enriched biomass, high-added value products and bioactive compounds. 
Biology. 2022;11(8):1146.

	 7.	 Rani A, Saini KC, Bast F, Varjani S, Mehariya S, Bhatia SK, Sharma N, Funk C. A review on microbial products and their perspective applica-
tion as antimicrobial agents. Biomolecules. 2021;11(12):1860.

	 8.	 Villaró S, Ciardi M, Morillas-España A, Sánchez-Zurano A, Acién-Fernández G, Lafarga T. Microalgae derived astaxanthin: research and 
consumer trends and industrial use as food. Foods. 2021;10(10):2303.

	 9.	 Martins R, Sales H, Pontes R, Nunes J, Gouveia I. Food wastes and microalgae as sources of bioactive compounds and pigments in a 
modern biorefinery: a review. Antioxidants. 2023;12(2):328.

	 10.	 da Silva Ferreira V, Sant’Anna C. Impact of culture conditions on the chlorophyll content of microalgae for biotechnological applications. 
World J Microbiol Biotechnol. 2017;33(1):20.

	 11.	 Fu W, Nelson DR, Yi Z, Xu M, Khraiwesh B, Jijakli K, Chaiboonchoe A, Alzahmi A, Al-Khairy D, Brynjolfsson S, Salehi-Ashtiani K. Bioactive 
compounds from microalgae: current development and prospects. Stud Nat Prod Chem. 2017;54:199–225.

	 12.	 Coelho EM, de Souza ME, Corrêa LC, Viana AC, de Azevêdo LC, dos Santos Lima M. Bioactive compounds and antioxidant activity of 
mango peel liqueurs (Mangifera indica L.) produced by different methods of maceration. Antioxidants. 2019;8(4):102.

	 13.	 Kholany M, Coutinho JA, Ventura SP. Carotenoid production from microalgae: The Portuguese Scenario. Molecules. 2022;27(8):2540.
	 14	 Sehgal A, Goswami K, Pal M, Chikkaputtaiah C, Chetia P, Boruah HP. Morpho-taxonomic, genetic, and biochemical characterization of 

freshwater microalgae as potential biodiesel feedstock. 3 Biotech. 2019;9(4):137.
	 15.	 Quitério E, Grosso C, Ferraz R, Delerue-Matos C, Soares C. A critical comparison of the advanced extraction techniques applied to obtain 

health-promoting compounds from seaweeds. Mar Drugs. 2022;20(11):677.
	 16.	 Sosa-Hernández JE, Escobedo-Avellaneda Z, Iqbal HM, Welti-Chanes J. State-of-the-art extraction methodologies for bioactive com-

pounds from algal biome to meet bio-economy challenges and opportunities. Molecules. 2018;23(11):2953.
	 17	 Ibañez E, Herrero M, Mendiola JA, Castro-Puyana M. Extraction and characterization of bioactive compounds with health benefits from 

marine resources: macro and micro algae, cyanobacteria, and invertebrates. In: Hayes M, editor. Marine bioactive compounds: sources, 
characterization and applications. Boston: Springer US; 2011. p. 55–98.

	 18.	 Stéphane FF, Jules BK, Batiha GE, Ali I, Bruno LN. Extraction of bioactive compounds from medicinal plants and herbs. Nat Med Plants. 
2021. https://​doi.​org/​10.​5772/​intec​hopen.​98602.

	 19.	 Chen W, Liu Y, Song L, Sommerfeld M, Hu Q. Automated accelerated solvent extraction method for total lipid analysis of microalgae. 
Algal Res. 2020;51:102080.

	 20.	 Ranjith Kumar R, Hanumantha Rao P, Arumugam M. Lipid extraction methods from microalgae: a comprehensive review. Front Energy 
Res. 2015;2:61.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5772/intechopen.98602


Vol:.(1234567890)

Review	 Discover Food            (2024) 4:27  | https://doi.org/10.1007/s44187-024-00096-6

	 21.	 Cicalese L, Curcuru G, Montalbano M, Shirafkan A, Georgiadis J, Rastellini C. Hazardous air pollutants and primary liver cancer in Texas. 
PLoS ONE. 2017;12(10): e0185610.

	 22	 Rossi F, De Philippis R. Exocellular polysaccharides in microalgae and cyanobacteria: chemical features, role and enzymes and genes 
involved in their biosynthesis. In: Borowitzka MA, Beardall J, Raven JA, editors. The physiology of microalgae. Berlin: Springer; 2016. p. 
565–90.

	 23	 Sanjeewa KA, Herath KH, Kim YS, Jeon YJ, Kim SK. Enzyme-assisted extraction of bioactive compounds from seaweeds and microalgae. 
TrAC Trends Anal Chem. 2023;167:117266.

	 24.	 Zhang Y, Kang X, Zhen F, Wang Z, Kong X, Sun Y. Assessment of enzyme addition strategies on the enhancement of lipid yield from 
microalgae. Biochem Eng J. 2022;177:108198.

	 25.	 Pekkoh J, Ruangrit K, Pumas C, Duangjan K, Chaipoot S, Phongphisutthinant R, Jeerapan I, Sawangrat K, Pathom-aree W, Srinuanpan S. 
Transforming microalgal Chlorella biomass into cosmetically and nutraceutically protein hydrolysates using high-efficiency enzymatic 
hydrolysis approach. Biomass Convers Biorefin. 2023;13(7):6299–315.

	 26	 de Medeiros VPB, da Costa WK, da Silva RT, Pimentel TC, Magnani M. Microalgae as source of functional ingredients in new-generation 
foods: challenges, technological effects, biological activity, and regulatory issues. Crit Rev Food Sci Nutr. 2022;62(18):4929–50.

	 27.	 Younas R, Sahar A, Sameen A, Khan MI, Ali MA, Tahir MA, Mohsin M, Usman M, Aadil RM. A narrative review on extraction techniques of 
phytosterols and their applications in food industry. Biomass Convers Biorefin. 2023. https://​doi.​org/​10.​1007/​s13399-​023-​05007-w.

	 28	 Yu J, Fang L, Kim S, Kim K, Kim M, Lee T. Valorization of fruit and vegetable byproducts for the beta-glucan production from Euglena 
gracilis. Bioresour Technol. 2023;394:130213.

	 29.	 Morales-Jiménez M, Yáñez-Fernández J, Castro-Muñoz R, Barragán-Huerta BE. Recovery of high added value compounds from microalgae 
cultivation using membrane technology. In: Jafari SM, Castro-Muñoz R, editors. Membrane separation of food bioactive ingredients. 
Cham: Springer International Publishing; 2022. p. 309–43.

	 30.	 Yadav D, Karki S, Ingole PG. Nanofiltration (NF) membrane processing in the food industry. Food Eng Rev. 2022;14(4):579–95.
	 31.	 Ricceri F, Malaguti M, Derossi C, Zanetti M, Riggio V, Tiraferri A. Microalgae biomass concentration and reuse of water as new cultivation 

medium using ceramic membrane filtration. Chemosphere. 2022;307:135724.
	 32.	 Zhang B, Peng C, Zhang S, Zhang M, Li D, Wang X, Mao B. Comprehensive analysis of the combined flocculation and filtration process 

for microalgae harvesting at various operating parameters. Sci Total Environ. 2023;857:159658.
	 33.	 Zhao Z, Blockx J, Muylaert K, Thielemans W, Szymczyk A, Vankelecom IF. Exploiting flocculation and membrane filtration synergies for 

highly energy-efficient, high-yield microalgae harvesting. Sep Purif Technol. 2022;296:121386.
	 34.	 Mkpuma VO, Moheimani NR, Ennaceri H. Microalgal dewatering with focus on filtration and antifouling strategies: a review. Algal Res. 

2022;61:102588.
	 35.	 Malaguti M, Novoa AF, Ricceri F, Giagnorio M, Vrouwenvelder JS, Tiraferri A, Fortunato L. Control strategies against algal fouling in mem-

brane processes applied for microalgae biomass harvesting. J Water Process Eng. 2022;47:102787.
	 36.	 Morón-Ortiz Á, Mapelli-Brahm P, León-Vaz A, Benitez-González AM, León R, Meléndez-Martínez AJ. Ultrasound-assisted extraction of 

carotenoids from phytoene-accumulating Chlorella sorokiniana microalgae: effect of milling and performance of the green biosolvents 
2-methyltetrahydrofuran and ethyl lactate. Food Chem. 2024;434:137437.

	 37.	 Deng Y, Wang W, Zhao S, Yang X, Xu W, Guo M, Liu D. Ultrasound-assisted extraction of lipids as food components: mechanism, solvent, 
feedstock, quality evaluation and coupled technologies—a review. Trends Food Sci Technol. 2022;122:83–96.

	 38.	 Gkioni MD, Andriopoulos V, Koutra E, Hatziantoniou S, Kornaros M, Lamari FN. Ultrasound-assisted extraction of Nannochloropsis ocu-
lata with ethanol and betaine: 1, 2-propanediol eutectic solvent for antioxidant pigment-rich extracts retaining nutritious the residual 
biomass. Antioxidants. 2022;11(6):1103.

	 39.	 Lourenço-Lopes C, Carreira-Casais A, Carperna M, Barral-Martinez M, Chamorro F, Jiménez-López C, Prieto MA. Emerging technologies 
to extract fucoxanthin from Undaria pinnatifida: microwave vs. ultrasound assisted extractions. Mar Drugs. 2023;21(5):282.

	 40.	 Shen L, Pang S, Zhong M, Sun Y, Qayum A, Liu Y, Ren X. A comprehensive review of ultrasonic assisted extraction (UAE) for bioactive 
components: principles, advantages, equipment, and combined technologies. Ultrason Sonochem. 2023;101:106646.

	 41.	 Luthria D, Vinjamoori D, Noel K, Ezzell J. Accelerated solvent extraction. In: Luthria DL, editor. Oil extraction and analysis. Urbana: AOCS 
Publishing; 2019. p. 25–38.

	 42.	 Vazquez-Roig P, Picó Y. Pressurized liquid extraction of organic contaminants in environmental and food samples. TrAC Trends Anal 
Chem. 2015;71:55–64.

	 43.	 Santos PH, Kammers JC, Silva AP, Oliveira JV, Hense H. Antioxidant and antibacterial compounds from feijoa leaf extracts obtained by 
pressurized liquid extraction and supercritical fluid extraction. Food Chem. 2021;344:128620.

	 44.	 Bortolini DG, Maciel GM, Fernandes IDAA, Pedro AC, Rubio FTV, Branco IG, Haminiuk CWI. Functional properties of bioactive compounds 
from Spirulina spp.: current status and future trends. Food Chem: Mol Sci. 2022;5:100134.

	 45.	 Bito T, Okumura E, Fujishima M, Watanabe F. Potential of Chlorella as a dietary supplement to promote human health. Nutrients. 
2020;12(9):2524.

	 46.	 Hyrslova I, Krausova G, Mrvikova I, Stankova B, Branyik T, Malinska H, Doskocil I. Functional properties of Dunaliella salina and its positive 
effect on probiotics. Mar Drugs. 2022;20(12):781.

	 47.	 Ampofo J, Abbey L. Microalgae: bioactive composition, health benefits, safety and prospects as potential high-value ingredients for the 
functional food industry. Foods. 2022;11(12):1744.

	 48.	 Batista AP, Niccolai A, Fradinho P, Fragoso S, Bursic I, Rodolfi L. Microalgae biomass as an alternative ingredient in cookies: sensory, 
physical and chemical properties, antioxidant activity and in vitro digestibility. Algal Res. 2017;26:161–71.

	 49.	 Ko SC, Kang N, Kim EA, Kang MC, Lee SH, Kang SM, Jeon YJ. A novel angiotensin I-converting enzyme (ACE) inhibitory peptide from a 
marine Chlorella ellipsoidea and its antihypertensive effect in spontaneously hypertensive rats. Process Biochem. 2012;47(12):2005–11.

	 50.	 Gómez-Zorita S, Trepiana J, González-Arceo M, Aguirre L, Milton-Laskibar I, González M, Portillo MP. Anti-obesity effects of microalgae. 
Int J Mol Sci. 2019;21(1):41.

	 51.	 Widowati I, Zainuri M, Kusumaningrum HP, Susilowati R, Hardivillier Y, Leignel V, Mouget JL. Antioxidant activity of three microalgae 
Dunaliella salina, Tetraselmis chuii and Isochrysis galbana clone Tahiti. IOP Conf Ser: Earth Environ Sci. 2017;55(1): 012067.

https://doi.org/10.1007/s13399-023-05007-w


Vol.:(0123456789)

Discover Food            (2024) 4:27  | https://doi.org/10.1007/s44187-024-00096-6	 Review

	 52.	 de Jesus Raposo MF, de Morais AMMB. Microalgae for the prevention of cardiovascular disease and stroke. Life Sci. 2015;125:32–41.
	 53	 Kannaujiya VK, Singh PR, Kumar D, Sinha RP. Phycobiliproteins in microalgae: occurrence, distribution, and biosynthesis. In: Jacob-Lopes 

E, Queiroz MI, Zepka LQ, editors. Pigments from microalgae handbook. Berlin: Springer; 2020. p. 43–68.
	 54.	 Mourelle ML, Gómez CP, Legido JL. The potential use of marine microalgae and cyanobacteria in cosmetics and thalassotherapy. Cos-

metics. 2017;4(4):46.
	 55.	 Remize M, Brunel Y, Silva JL, Berthon JY, Filaire E. Microalgae n-3 PUFAs production and use in food and feed industries. Mar Drugs. 

2021;19(2):113.
	 56.	 Levasseur W, Perré P, Pozzobon V. A review of high value-added molecules production by microalgae in light of the classification. Bio-

technol Adv. 2020;41:107545.
	 57.	 Heo MG, Choung SY. Anti-obesity effects of Spirulina maxima in high fat diet induced obese rats via the activation of AMPK pathway 

and SIRT1. Food Funct. 2018;9(9):4906–15.
	 58.	 Guo B, Liu B, Wei H, Cheng KW, Chen F. Extract of the Microalga Nitzschia laevis prevents high-fat-diet-induced obesity in mice by modu-

lating the composition of gut microbiota. Mol Nutr Food Res. 2019;63(3):1800808.
	 59.	 Chuyen HV, Eun JB. Marine carotenoids: bioactivities and potential benefits to human health. Crit Rev Food Sci Nutr. 2017;57(12):2600–10.
	 60.	 Jia YP, Sun L, Yu HS, Liang LP, Li W, Ding H, Zhang LJ. The pharmacological effects of lutein and zeaxanthin on visual disorders and cogni-

tion diseases. Molecules. 2017;22(4):610.
	 61.	 Murai U, Yamagishi K, Sata M, Kokubo Y, Saito I, Yatsuya H, JPHC Study Group. Seaweed intake and risk of cardiovascular disease: the 

Japan Public Health Center–based Prospective (JPHC) Study. Am J Clin Nutr. 2019;110(6):1449–55.
	 62.	 Dvir I, Stark AH, Chayoth R, Madar Z, Arad SM. Hypocholesterolemic effects of nutraceuticals produced from the red microalga Porphy-

ridium sp. in rats. Nutrients. 2009;1(2):156–67.
	 63.	 Manirafasha E, Ndikubwimana T, Zeng X, Lu Y, Jing K. Phycobiliprotein: potential microalgae derived pharmaceutical and biological 

reagent. Biochem Eng J. 2016;109:282–96.
	 64.	 Nguyen VD. Marine glycans in relationship with probiotic microorganisms to improve human and animal health. In: Kim SK, editor. 

Marine glycobiology: principles and applications. Boca Raton: CRC Press; 2016. p. 67–84.
	 65.	 Saini RK, Keum YS. Omega-3 and omega-6 polyunsaturated fatty acids: dietary sources, metabolism, and significance—a review. Life 

Sci. 2018;203:255–67.
	 66.	 Ljubic A, Jacobsen C, Holdt SL, Jakobsen J. Microalgae Nannochloropsis oceanica as a future new natural source of vitamin D3. Food 

Chem. 2020;320:126627.
	 67.	 Edelmann M, Aalto S, Chamlagain B, Kariluoto S, Piironen V. Riboflavin, niacin, folate and vitamin B12 in commercial microalgae powders. 

J Food Compos Anal. 2019;82:103226.
	 68.	 Tarento TD, McClure DD, Vasiljevski E, Schindeler A, Dehghani F, Kavanagh JM. Microalgae as a source of vitamin K1. Algal Res. 

2018;36:77–87.
	 69	 Asai S, Hayashi K, Atsumi H, Doi M, Kakizoe H, Umezawa K, Miyachi H. Immune and allergenic effects of the microalga Coccomyxa sp. 

strain KJ in healthy humans: a pilot study. Adv Clin Exp Med. 2023;33(3):225.
	 70.	 Udayan A, Pandey AK, Sharma P, Sreekumar N, Kumar S. Emerging industrial applications of microalgae: challenges and future perspec-

tives. Syst Microbiol Biomanuf. 2021;1(4):411–31.
	 71.	 Sandgruber F, Höger AL, Kunze J, Schenz B, Griehl C, Kiehntopf M, Dawczynski C. Impact of regular intake of microalgae on nutrient 

supply and cardiovascular risk factors: results from the NovAL Intervention Study. Nutrients. 2023;15(7):1645.
	 72.	 Coêlho DDF, Tundisi LL, Cerqueira KS, Rodrigues JRDS, Mazzola PG, Tambourgi EB, Souza RRD. Microalgae: cultivation aspects and bioac-

tive compounds. Braz Arch Biol Technol. 2019;62: e19180343.
	 73.	 Francezon N, Tremblay A, Mouget JL, Pasetto P, Beaulieu L. Algae as a source of natural flavors in innovative foods. J Agric Food Chem. 

2021;69(40):11753–72.
	 74.	 Fernández FA, Sevilla JMF, Grima EM. Costs analysis of microalgae production. In: Pandey A, Chang J-S, Soccol CR, Lee D-J, Chisti Y, edi-

tors. Biofuels from algae. Amsterdam: Elsevier; 2019. p. 551–66.
	 75.	 Liu Y, Ren X, Fan C, Wu W, Zhang W, Wang Y. Health benefits, food applications, and sustainability of microalgae-derived N-3 PUFA. Foods. 

2022;11(13):1883.
	 76.	 Kaur H, Singh S, Singh A. Maitotoxin. In: Nayik GA, Kour J, editors. Handbook of plant and animal toxins in food: occurrence, toxicity, and 

prevention. Boca Raton: CRC Press; 2022. p. 299–308.
	 77.	 Munekata PE, Pateiro M, Barba FJ, Dominguéz R, Gagaoua M, Lorenzo JM. Development of new food and pharmaceutical products: 

nutraceuticals and food additives. Adv Food Nutr Res. 2020;92:53–96.
	 78	 Tiwari A, Marella TK, Saxena A. Diatom biorefinery: from carbon mitigation to high-value products. In: Thakur IS, Pandey A, Ngo HH, 

Soccol CR, Larroche C, editors. Biomass, biofuels, biochemicals. Amsterdam: Elsevier; 2022. p. 401–20.
	 79.	 Sidari R, Tofalo R. A comprehensive overview on microalgal-fortified/based food and beverages. Food Rev Intl. 2019;35(8):778–805.
	 80.	 Villarruel-López A, Ascencio F, Nuño K. Microalgae, a potential natural functional food source–a review. Pol J Food Nutr Sci. 

2017;67(4):251–63.
	 81.	 Barbosa M, Inácio LG, Afonso C, Maranhão P. The microalga Dunaliella and its applications: a review. Appl Phycol. 2023;4(1):99–120.
	 82	 Stunda-Zujeva A, Berele M. Algae as a functional food: a case study on Spirulina. In: Abomohra A, Ende S, editors. Value-added products 

from algae: phycochemical production and applications. Cham: Springer International Publishing; 2023. p. 563–94.
	 83	 Verity PG, Smayda TJ. Nutritional value of Phaeocystis pouchetii (Prymnesiophyceae) and other phytoplankton for Acartia spp. (Copepoda): 

ingestion, egg production, and growth of nauplii. Mar Biol. 1989;100:161–71.
	 84	 Saha SK, McHugh E, Murray P, Walsh DJ. Microalgae as a source of nutraceuticals. In: Botana LM, Alfonso A, editors. Phycotoxins: chemistry 

and biochemistry. Hoboken: Wiley; 2015. p. 255–91.
	 85	 Levine IA, Fleurence J. Microalgae in health and disease prevention. Cambridge: Academic Press; 2018.
	 86.	 Holdt SL, Kraan S. Bioactive compounds in seaweed: functional food applications and legislation. J Appl Phycol. 2011;23:543–97.
	 87.	 Barba FJ, Saraiva JM, Cravotto G, Lorenzo JM. Innovative thermal and non-thermal processing, bioaccessibility and bioavailability of 

nutrients and bioactive compounds. Sawston: Woodhead Publishing; 2019.



Vol:.(1234567890)

Review	 Discover Food            (2024) 4:27  | https://doi.org/10.1007/s44187-024-00096-6

	 88.	 Habte-Tsion HM, Kolimadu GD, Rossi JW, Filer K, Kumar V. Effects of Schizochytrium and micro-minerals on immune, antioxidant, inflam-
matory and lipid-metabolism status of Micropterus salmoides fed high-and low-fishmeal diets. Sci Rep. 2020;10(1):7457.

	 89.	 Mondal A, Bose S, Banerjee S, Patra JK, Malik J, Mandal SK, Bishayee A. Marine cyanobacteria and microalgae metabolites—a rich source 
of potential anticancer drugs. Mar Drugs. 2020;18(9):476.

	 90.	 Bhalamurugan GL, Valerie O, Mark L. Valuable bioproducts obtained from microalgal biomass and their commercial applications: a 
review. Environ Eng Res. 2018;23(3):229–41.

	 91.	 Matos ÂP. The impact of microalgae in food science and technology. J Am Oil Chem Soc. 2017;94:1333–50.
	 92	 Packer MA, Harris GC, Adams SL. Food and feed applications of algae. In: Bux F, Chisti Y, editors. Algae biotechnology: products and 

processes. Berlin: Springer; 2016. p. 217–47.
	 93.	 De L, Veloso AC. Pigmentos. Microbiologia. 1998;40(1–2):87.
	 94.	 Andreeva AP, Shevchenko MA, Budenkova EA, Ulrikh EV, Sukhikh SA, Dolganiuk VF. Microalgae as a source of biologically active sub-

stances. AIP Conf Proc. 2023. https://​doi.​org/​10.​1063/5.​01449​48.
	 95.	 Nieri P, Carpi S, Esposito R, Costantini M, Zupo V. Bioactive molecules from marine diatoms and their value for the nutraceutical industry. 

Nutrients. 2023;15(2):464.
	 96	 Yadavalli R, Valluru P, Raj R, Reddy CN, Mishra B. Biological detoxification of mycotoxins: emphasizing the role of algae. Algal Res. 

2023;71:103039.
	 97.	 Patil AD, Kasabe PJ, Dandge PB. Pharmaceutical and nutraceutical potential of natural bioactive pigment: astaxanthin. Nat Prod Bio-

prospect. 2022;12(1):25.
	 98.	 Gohara-Beirigo AK, Matsudo MC, Cezare-Gomes EA, de Carvalho JCM, Danesi EDG. Microalgae trends toward functional staple food 

incorporation: sustainable alternative for human health improvement. Trends Food Sci Technol. 2022;125:185–99.
	 99.	 Gonzalez-Teuber V, Albert-Gasco H, Auyeung VC, Papa FR, Mallucci GR, Hetz C. Small molecules to improve ER proteostasis in disease. 

Trends Pharmacol Sci. 2019;40(9):684–95.
	100.	 Ciardi M, Gómez-Serrano C, del Mar M-A, Acién G, Lafarga T, Fernández-Sevilla JM. Optimisation of Scenedesmus almeriensis production 

using pig slurry as the sole nutrient source. Algal Res. 2022;61:102580.
	101	 Prihanto AA, Jatmiko YD, Nurdiani R, Miftachurrochmah A, Wakayama M. Freshwater microalgae as promising food sources: nutritional 

and functional properties. Open Microbiol J. 2022;16(1): e187428582206200.
	102.	 Sharma P, Gujjala LKS, Varjani S, Kumar S. Emerging microalgae-based technologies in biorefinery and risk assessment issues: bioeconomy 

for sustainable development. Sci Total Environ. 2022;813:152417.
	103.	 Santos MDJO, de Souza CO, Marcelino HR. Blue technology for a sustainable pharmaceutical industry: microalgae for bioremediation 

and pharmaceutical production. Algal Res. 2023;69:102931.
	104.	 da Silva Araújo VB, Silva VMB, Lira EB, Calixto CD, da Silva Santana JK, de Lima Pereira ER, Sassi R. Metabolites produced by microalgae 

from northeastern Brazil with potential food industry uses. Res Soc Dev. 2022;11(6):e7411628724–e7411628724.
	105.	 Sivaramakrishnan R, Suresh S, Kanwal S, Ramadoss G, Ramprakash B, Incharoensakdi A. Microalgal biorefinery concepts’ developments 

for biofuel and bioproducts: current perspective and bottlenecks. Int J Mol Sci. 2022;23(5):2623.
	106.	 Ahmad AW, Hassan S, Banat F. An overview of microalgae biomass as a sustainable aquaculture feed ingredient: food security and circular 

economy. Bioengineered. 2022;13(4):9521–47.
	107.	 Babich O, Sukhikh S, Larina V, Kalashnikova O, Kashirskikh E, Prosekov A, Dolganyuk V. Algae: study of edible and biologically active 

fractions, their properties and applications. Plants. 2022;11(6):780.
	108.	 Nuzzo D, Contardi M, Kossyvaki D, Picone P, Cristaldi L, Galizzi G, Di Carlo M. Heat-resistant Aphanizomenon flos-aquae (AFA) extract 

(Klamin®) as a functional ingredient in food strategy for prevention of oxidative stress. Oxid Med Cell Longev. 2019;2019:9481390.
	109.	 Toshkova-Yotova T, Pilarski P, Yocheva L, Petrova D, Chaneva G. Screening of antimicrobial and antioxidant properties of green microalga 

Coelastrella sp. BGV Oxid Commun. 2020;43(2):265–79.
	110.	 Mata TM, Martins AA, Caetano NS. Microalgae for biodiesel production and other applications: a review. Renew Sustain Energy Rev. 

2010;14(1):217–32.
	111	 Benedetti M, Vecchi V, Barera S, Dall’Osto L. Biomass from microalgae: the potential of domestication towards sustainable biofactories. 

Microb Cell Fact. 2018;17:1–18.
	112.	 Khan MI, Shin JH, Kim JD. The promising future of microalgae: current status, challenges, and optimization of a sustainable and renew-

able industry for biofuels, feed, and other products. Microb Cell Fact. 2018;17(1):1–21.
	113	 Gaurav K, Neeti K, Singh R. Microalgae-based biodiesel production and its challenges and future opportunities: a review. Green Technol 

Sustain. 2023;2:100060.
	114.	 Chen CY, Yeh KL, Aisyah R, Lee DJ, Chang JS. Cultivation, photobioreactor design and harvesting of microalgae for biodiesel production: 

a critical review. Biores Technol. 2011;102(1):71–81.
	115.	 Subramanian S, Sayre RT. The right stuff: realizing the potential for enhanced biomass production in microalgae. Front Energy Res. 

2022;10:979747.
	116.	 Wang M, Yang Y, Chen Z, Chen Y, Wen Y, Chen B. Removal of nutrients from undiluted anaerobically treated piggery wastewater by 

improved microalgae. Biores Technol. 2016;222:130–8.
	117	 Acién FG, Molina E, Reis A, Torzillo G, Zittelli GC, Sepúlveda C, Masojídek J. Photobioreactors for the production of microalgae. In: 

Gonzalez-Fernandez C, Muñoz R, editors. Microalgae-based biofuels and bioproducts. Sawston: Woodhead Publishing; 2017. p. 1–44.
	118.	 Branco-Vieira M, Mata TM, Martins AA, Freitas MAV, Caetano NS. Economic analysis of microalgae biodiesel production in a small-scale 

facility. Energy Rep. 2020;6:325–32.
	119.	 Billakanti JM, Catchpole O, Fenton T, Mitchell K. Extraction of fucoxanthin from Undaria pinnatifida using enzymatic pre-treatment fol-

lowed by DME and EtOH co-solvent extraction. In: 10th International Symposium on Supercritical Fluids. 2012.
	120	 Siahaan EA, Chun BS. Innovative alternative technology for fucoxanthin recovery. In: Kim S-K, editor. Encyclopedia of marine biotechnol-

ogy. Hoboken: Wiley; 2020. p. 3213–27.
	121.	 Park PJ, Shahidi F, Jeon YJ. Antioxidant activities of enzymatic extracts from an edible seaweed Sargassum horneri using ESR spectrometry. 

J Food Lipids. 2004;11(1):15–27.

https://doi.org/10.1063/5.0144948


Vol.:(0123456789)

Discover Food            (2024) 4:27  | https://doi.org/10.1007/s44187-024-00096-6	 Review

	122.	 Puspita M. Enzyme-assisted extraction of phlorotannins from Sargassum and biological activities. Diponegoro University, Semarang 
& Université Bretagne Sud, France. 2017.

	123.	 Habeebullah SFK, Alagarsamy S, Sattari Z, Al-Haddad S, Fakhraldeen S, Al-Ghunaim A, Al-Yamani F. Enzyme-assisted extraction of 
bioactive compounds from brown seaweeds and characterization. J Appl Phycol. 2020;32:615–29.

	124.	 Klejdus B, Lojková L, Plaza M, Šnóblová M, Štěrbová D. Hyphenated technique for the extraction and determination of isoflavones 
in algae: ultrasound-assisted supercritical fluid extraction followed by fast chromatography with tandem mass spectrometry. J 
Chromatogr A. 2010;1217(51):7956–65.

	125.	 Ummat V, Sivagnanam SP, Rajauria G, O’Donnell C, Tiwari BK. Advances in pre-treatment techniques and green extraction technolo-
gies for bioactives from seaweeds. Trends Food Sci Technol. 2021;110:90–106.

	126.	 Domínguez-González R, Moreda-Piñeiro A, Bermejo-Barrera A, Bermejo-Barrera P. Application of ultrasound-assisted acid leaching 
procedures for major and trace elements determination in edible seaweed by inductively coupled plasma-optical emission spec-
trometry. Talanta. 2005;66(4):937–42.

	127.	 Santhoshkumar P, Yoha KS, Moses JA. Drying of seaweed: approaches, challenges and research needs. Trends Food Sci Technol. 
2023;138:153–63.

	128.	 Zhou X, Ding W, Jin W. Microwave-assisted extraction of lipids, carotenoids, and other compounds from marine resources. In: Garcia-
Vaquero M, Rajauria G, editors. Innovative and emerging technologies in the bio-marine food sector. Cambridge: Academic Press; 
2022. p. 375–94.

	129.	 Cintas P, Calcio-Gaudino E, Cravotto G. Pharmaceutical and nutraceutical compounds from natural matrices. In: Chemat F, Cravotto 
G, editors. Microwave-assisted extraction for bioactive compounds. Food Engineering Series. Boston: Springer; 2012. p. 181–206.

	130	 Kadam SU, Álvarez C, Tiwari BK, O’Donnell CP. Processing of seaweeds. In: Tiwari BK, Troy DJ, editors. Seaweed sustainability. Cam-
bridge: Academic Press; 2015. p. 61–78.

	131.	 Pasquet V, Cherouvrier JR, Farhat F, Thiery V, Piot JM, Berard JB, Kaas R, Serive B, Patrice T, Cadoret JP. Study on the microalgal pig-
ments extraction process: performance of microwave assisted extraction. Process Biochem. 2011;46:59–67.

	132.	 Romaris-Hortas V, Moreda-Pineiro A, Bermejo-Barrera P. Microwave assisted extraction of iodine and bromine from edible seaweed 
for inductively coupled plasma-mass spectrometry determination. Talanta. 2009;79:947–52.

	133.	 Cao J, Peng LQ, Xu JJ, Du LJ, Zhang QD. Simultaneous microextraction of inorganic iodine and iodinated amino acids by miniaturized 
matrix solid-phase dispersion with molecular sieves and ionic liquids. J Chromatogr A. 2016;1477:1–10.

	134.	 Fujii K. Process integration of supercritical carbon dioxide extraction and acid treatment for astaxanthin extraction from a vegetative 
microalga. Food Bioprod Process. 2012;90:762–6.

	135.	 Molino A, Mehariya S, Iovine A, Larocca V, Di Sanzo G, Martino M, Musmarra D. Extraction of astaxanthin and lutein from microalga 
Haematococcus pluvialis in the red phase using CO2 supercritical fluid extraction technology with ethanol as co-solvent. Mar Drugs. 
2018;16(11):432.

	136.	 Macias-Sanchez MD, Fernandez-Sevilla JM, Fernandez FGA, Garcia MCC, Grima EM. Supercritical fluid extraction of carotenoids from 
Scenedesmus almeriensis. Food Chem. 2010;123:928–35.

	137.	 Gilbert-López B, Mendiola JA, van den Broek LA, Houweling-Tan B, Sijtsma L, Cifuentes A, Ibáñez E. Green compressed fluid tech-
nologies for downstream processing of Scenedesmus obliquus in a biorefinery approach. Algal Res. 2017;24:111–21.

	138	 Sarkar S, Gayen K, Bhowmick TK. Green extraction of biomolecules from algae using subcritical and supercritical fluids. Biomass 
Convers Biorefin. 2022. https://​doi.​org/​10.​1007/​s13399-​022-​02309-3.

	139.	 Cheung PCK. Temperature and pressure effects on supercritical carbon dioxide extraction of n-3 fatty acids from red seaweed. Food 
Chem. 1999;65:399–403.

	140.	 Molino A, Martino M, Larocca V, Di Sanzo G, Spagnoletta A, Marino T, Musmarra D. Eicosapentaenoic acid extraction from Nanno-
chloropsis gaditana using carbon dioxide at supercritical conditions. Mar Drugs. 2019;17(2):132.

	141.	 Mendes RL, Nobre BP, Cardoso MT, Pereira AP, Palavra AF. Supercritical carbon dioxide extraction of compounds with pharmaceutical 
importance from microalgae. Inorg Chim Acta. 2003;356:328–34.

	142.	 Anaelle T, Serrano Leon E, Laurent V, Elena I, Mendiola JA, Stephane C, Nelly K, Stephane LB, Luc M, Valerie SP. Green improved 
processes to extract bioactive phenolic compounds from brown macroalgae using Sargassum muticum as model. Talanta. 
2013;104:44–52.

	143.	 Ballesteros-Vivas D, Ortega-Barbosa JP, Parada-Alfonso F, Ferreira SR, del Pilar Sánchez-Camargo A. Supercritical fluid extraction of lipids, 
carotenoids, and other compounds from marine sources. In: Garcia-Vaquero M, Rajauria G, editors. Innovative and emerging technolo-
gies in the bio-marine food sector. Cambridge: Academic Press; 2022. p. 27–317.

	144.	 Priyanka S, Varsha R, Verma R, Ayenampudi SB. Spirulina: a spotlight on its nutraceutical properties and food processing applications. J 
Microbiol Biotechnol Food Sci. 2023;12(6):e4785–e4785.

	145.	 Donn P, Prieto MA, Mejuto JC, Cao H, Simal-Gandara J. Functional foods based on the recovery of bioactive ingredients from food and 
algae by-products by emerging extraction technologies and 3D printing. Food Biosci. 2022;49:101853.

	146.	 Pagels F, Amaro HM, Tavares TG, Amil BF, Guedes AC. Potential of microalgae extracts for food and feed supplementation—a promising 
source of antioxidant and anti-inflammatory compounds. Life. 2022;12(11):1901.

	147.	 Batista AP, Gouveia L, Nunes MC, Franco JM, Raymundo A. Microalgae biomass as a novel functional ingredient in mixed gel systems. 
In: Williams PA, Phillips GO, editors. Gums and stabilisers for the food industry. Cambridge: RSC Publishing; 2008. p. 14.

	148.	 Samani SA, Jafari M, Sahafi SM, Roohinejad S. Applications of algae and algae extracts in human food and feed. In: Rajauria G, Yuan YV, 
editors. Recent advances in micro and macroalgal processing: food and health perspectives. Hoboken: Wiley Online Library; 2021. p. 
465–86.

	149.	 Varga L, Szigeti J, Kovacs R, Foldes T, Buti S. Influence of a Spirulina platensis biomass on the microflora of fermented ABT milks during 
storage. J Dairy Sci. 2002;85:1031–8.

	150.	 Yousefi M, Khorshidian N, Khanniri E, Mortazavian AM. Microalgae added to beverages, dairy, prebiotic, and probiotic products. In: 
Jacob-Lopes E, Queiroz MI, Maroneze MM, Zepka LQ, editors. Handbook of food and feed from microalgae. Amsterdam: Elsevier; 2023. 
p. 335–47.

https://doi.org/10.1007/s13399-022-02309-3


Vol:.(1234567890)

Review	 Discover Food            (2024) 4:27  | https://doi.org/10.1007/s44187-024-00096-6

	151.	 Üstün-Aytekin Ö, Çoban I, Aktaş B. Nutritional value, sensory properties, and antioxidant activity of a traditional kefir produced with 
Arthrospira platensis. J Food Process Preserv. 2022;46(3): e16380.

	152.	 Martelli F, Alinovi M, Bernini V, Gatti M, Bancalari E. Arthrospira platensis as natural fermentation booster for milk and soy fermented 
beverages. Foods. 2020;9(3):350.

	153.	 Feizollahi E, Hadian Z, Honarvar Z. Food fortification with omega-3 fatty acids; microencapsulation as an addition method. Curr Nutr 
Food Sci. 2018;14(2):90–103.

	154.	 Gebreyowhans S, Lu J, Zhang S, Pang X, Lv J. Dietary enrichment of milk and dairy products with n-3 fatty acids: a review. Int Dairy J. 
2019;97:158–66.

	155.	 Molnár N, Gyenis B, Varga L. Influence of a powdered Spirulina platensis biomass on acid production of lactococci in milk. Milchwissen-
schaft. 2005;60:380–2.

	156.	 Alizadeh Khaledabad M, Ghasempour Z, Moghaddas Kia E, Rezazad Bari M, Zarrin R. Probiotic yoghurt functionalised with microalgae 
and Zedo gum: chemical, microbiological, rheological and sensory characteristics. Int J Dairy Technol. 2020;73(1):67–75.

	157.	 Murray MT. The magic of food: live longer and healthier–and lose weight–with the synergetic diet. New York: Simon and Schuster, 
AtriaBooks; 2017.

	158.	 Abd El Baky HH, El Baroty GS, Ibrahem EA. Functional characters evaluation of biscuits sublimated with pure phycocyanin isolated from 
Spirulina and Spirulina biomass. Nutr Hosp. 2015;32:231–41.

	159.	 Ak B, Avsaroglu E, Isik O, Özyurt G, Kafkas E, Etyemez M. Nutritional and physicochemical characteristics of bread enriched with micro-
algae Spirulina platensis. Int J Eng Res Appl. 2016;6(9):30–8.

	160.	 Qazi MW, de Sousa IG, Nunes MC, Raymundo A. Improving the nutritional, structural, and sensory properties of gluten-free bread with 
different species of microalgae. Foods. 2022;11(3):397.

	161.	 Venugopal V. Marine polysaccharides: food applications. Boca Raton: CRC Press; 2016.
	162.	 Ali L. MIND diet for two: 65 perfectly portioned recipes to boost your brain health. Berkeley: Rickridge Press; 2016.
	163.	 Vieira MV, Turkiewicz IP, Tkacz K, Fuentes-Grünewald C, Pastrana LM, Fuciños P, Nowicka P. Microalgae as a potential functional ingredi-

ent: evaluation of the phytochemical profile, antioxidant activity and in-vitro enzymatic inhibitory effect of different species. Molecules. 
2021;26(24):7593.

	164	 Fradique M, Batista A, Nunes M, Gouveia L, Bandarra N, Raymundo A. Incorporation of Chlorella vulgaris and Spirulina maxima biomass 
on pasta products. Part 1: preparation and evaluation. J Sci Food Agric. 2010;90:1656–64.

	165.	 Joseph T. Nutritional enrichment of ready-to-cook food-instant noodle exploring the potential of microalgae Arthrospira platensis gomont. 
Doctoral dissertation, St Teresa’s College Ernakulam. 2023.

	166	 Manjula R, Chavadi M. Biotechnology of microalgae: a green approach towards exploitation of omega-3 fatty acids. In: Sangeetha J, 
Thangadurai D, Elumalai S, Thimmappa SC, editors. Phycobiotechnology: biodiversity and biotechnology of algae and algal products 
for food, feed, and fuel. Boca Raton: CRC Press; 2021. p. 307–24.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Bioactive compounds from micro-algae and its application in foods: a review
	Abstract
	1 Introduction
	2 Microalgae as sources of bioactive compounds
	2.1 Advantages and challenges of microalgae cultivation and harvesting for food applications

	3 Microalgal bioactive compounds for functional food formulation
	3.1 Extraction technologies to effectively extract bioactive compounds from microalgae
	3.1.1 Conventional approaches to extracting
	3.1.2 Advanced approaches to extraneous extraction
	3.1.2.1 Enzymatic hydrolysis 
	3.1.2.2 Unlocking microalgal treasures: chemical modification and membrane filtration 
	3.1.2.3 Ultrasound-assisted extraction (UAE) 
	3.1.2.4 Pressurized liquid extraction (PLE) 


	3.2 Microalgal bioactive compounds in functional food

	4 Future perspectives and challenges
	Acknowledgements 
	References


