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Abstract 

 

Microalgae represent a vast reservoir of chemically diverse metabolites that play critical roles in 

marine ecosystems. As primary producers, they not only sustain oceanic food webs but also 

generate unique bioactive compounds through biosynthetic pathways distinct from those of 

terrestrial organisms. Secondary metabolites from microalgae exhibit remarkable structural 

diversity, ranging from polyketides to polycyclic ethers (saxitoxin, domoic acid, okadaic acid, 

maitotoxin, lyngbyatoxin, and kahalalide F) many of which hold ecological, pharmacological, and 

biotechnological significance. Recent advances in molecular biology have illuminated the genetic 

basis of metabolite biosynthesis, including the identification of gene clusters linked to toxin 

production and novel polyketide backbone formation. Taxonomic and phylogenetic perspectives 

further reveal the evolutionary underpinnings of metabolite distribution across algal groups. 

Beyond their ecological roles, these compounds have spurred interest due to their potential 

applications in drug discovery, bioenergy, and environmental monitoring. By integrating insights 

from biosynthetic mechanisms, genetic regulation and evolutionary context, microalgal 

metabolites can be viewed not only as chemical curiosities but also as key drivers of marine 

chemical ecology and promising resources for biotechnology. 
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Introduction 

 

Microalgae are a highly diverse assemblage of microscopic, photosynthetic organisms including 

eukaryotic algae and cyanobacteria that form the foundation of aquatic food webs. They drive 

global carbon fixation and oxygen production, contributing nearly half of Earth’s primary 

productivity and atmospheric oxygen generation (Hoque et al., 2025; Siddhnath et al., 2024; 

Ibrahim et al., 2023; Prasad et al., 2021). Occupying marine, freshwater, and moist terrestrial 

niches, microalgae rapidly convert solar energy and inorganic nutrients into biomass, thereby 
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sustaining trophic interactions, biogeochemical cycling, and overall ecological balance (Gamal et 

al., 2024; Chen et al., 2023; Dolganyuk et al., 2020; Mutanda et al., 2020).  

 

Microalgae encompass both prokaryotic cyanobacteria and diverse eukaryotic lineages, 

including chlorophytes, diatoms, dinoflagellates, haptophytes, and cryptophytes. Their simple 

cellular architecture and fast metabolic rates enable rapid growth, often allowing biomass to double 

within hours under optimal cultivation conditions. These traits make microalgae promising 

platforms for environmentally sustainable bioenergy generation and emerging biotechnological 

production systems (Gupta et al., 2024; Ashour et al., 2024; Wang et al., 2024). 

 

Beyond essential metabolic products such as carbohydrates, lipids, and proteins, many 

microalgae synthesize structurally complex and bioactive secondary metabolites. These 

compounds spanning polyketides, non-ribosomal peptides, alkaloids, terpenoids, and pigments 

play pivotal ecological roles in defense, signaling, and competition while presenting significant 

prospects for pharmaceutical, nutraceutical, and industrial innovation (Li et al., 2023; Martínez-

Ruiz et al., 2022; Sathasivam & Ki, 2019; Sasso et al., 2012;). This review examines microalgal 

secondary metabolites from a holistic perspective, focusing on their structural diversity, 

biosynthetic pathways, genetic regulation, phylogenetic distribution, ecological relevance, and 

current and emerging biotechnological applications. 

 

Diversity of Microalgal Secondary Metabolites 

Microalgal secondary metabolites exhibit remarkable structural diversity with key classes of 

metabolites including polyketides, non-ribosomal peptides, alkaloids, and hybrid peptide–

polyketide compounds. The dinoflagellates produce large polyether toxins such as brevetoxins, 

maitotoxin, okadaic acid, ciguatoxins and guanidinium alkaloids like saxitoxin, while 

cyanobacteria produce cyclic peptides such as microcystins, nodularins and lipophilic lipopeptides 

dolastatins in symbionts (Bouyahya et al., 2024; Li et al., 2023; Assunção et al., 2017). Table 1 

summarizes microalgal metabolites and their sources. Many microalgal metabolites are toxins that 

can accumulate through food webs which include saxitoxin produced by certain dinoflagellates 

and by freshwater cyanobacteria. Saxitoxin binds voltage-gated sodium channels, blocking nerve 

transmission and causing paralytic shellfish poisoning (PSP) in humans and marine animals (Li et 

al., 2023; Pradhan et al., 2022). Domoic acid is another potent toxin, a tricarboxylic acid with a 

glutamate-like structure. It is produced by marine diatoms like pseudo-nitzschia spp. and some red 

algae. Domoic acid acts as a strong agonist of ionotropic glutamate receptors in the brain, causing 

neuronal excitotoxicity (Brunson et al., 2018).  

 

Okadaic acid is a potent inhibitor of protein phosphatases PP2A and PP1, causing diarrhetic 

shellfish poisoning (DSP) when contaminated shellfish are ingested (Bui et al., 2024; Assunção et 

al., 2017). Like brevetoxins and ciguatoxins, the polycyclic ether scaffold of okadaic acid suggests 

biosynthesis via a highly modified polyketide pathway. These toxins frequently accumulate along 

trophic chains, affecting shellfish, fish, birds, and marine mammals (Bouyahya et al., 2024; 

Pradhan et al., 2022). Maitotoxin is an extraordinarily large polyether toxin produced by the 

benthic dinoflagellate Gambierdiscus toxicus. It is among the most potent natural toxins known, 

inducing massive calcium influx in cells and disrupting ion homeostasis (Bui et al., 2024; 

Assunção et al., 2017). Maitotoxin is also thought to originate via a polyketide synthase pathway, 

although its gene cluster remains unknown due to the extreme size and complexity of 
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dinoflagellate genomes. Some microalgal metabolites have pharmacological potential. Kahalalide 

F is a cyclic depsipeptide originally isolated from the sea slug Elysia rufescens, which sequesters 

it from its diet. Kahalalide F exhibits anticancer activity through mechanisms that include 

membrane disruption and lysosomal permeabilization and has been evaluated in clinical trials for 

solid tumors (García-Rocha et al., 1996). Likewise, other cyanobacterial peptides such as 

apratoxins and symplostatins show antitumor, antiviral, or antifungal activity and are considered 

promising leads for drug discovery (Bouyahya et al., 2024; Li et al., 2023; Pradhan et al., 2022).  

 

Carotenoid pigments from microalgae are potent antioxidants and have nutraceutical value, 

with species such as Haematococcus pluvialis and Dunaliella salina widely exploited for 

commercial pigment production (Bouyahya et al., 2024; Pradhan et al., 2022). To summarize, 

microalgal secondary metabolites span diverse chemical types such as alkaloids, polyethers, 

peptides, terpenoids, etc. Many with potent bioactivities affection channels, enzymes, or receptors 

in animals. These natural products have ecological functions in defense and competition, and 

emerging applications in medicine and industry. 

 

Table 1. Illustrates various microalgal secondary metabolites, their sources, and bioactivities 

Metabolite 

Class 

Metabolites Producing Organisms Bioactivity References 

Polyketides 

(polyethers) 

Brevetoxins, 

Okadaic acid, 

Maitotoxin, 

Ciguatoxins 

Dinoflagellates (e.g., 

Karenia, Dinophysis, 

Gambierdiscus), 

Haptophytes 

Neurotoxicity and 

ion-channel 

modulation; 

Diarrhetic toxins 

Siddhnath 

et al., 2024; 

Beedessee 

et al., 2018 

Non-

ribosomal 

peptides 

Microcystins, 

Nodularins, 

Lyngbyatoxin, 

Kahalalide-F 

Cyanobacteria 

(Microcystis, Anabaena, 

Lyngbya); Marine algal 

symbionts (Bryopsis) 

Hepatotoxicity, 

tumor promotion, 

anticancer activity 

Li et al., 

2023; Wyer 

et al., 2022 

Alkaloids 

(guanidines) 

Saxitoxin, 

Gonyautoxins 

Dinoflagellates 

(Alexandrium, 

Gymnodinium), 

Cyanobacteria 

Paralytic Shellfish 

Poisoning via 

sodium-channel 

blockade 

Li et al., 

2023 

Amino-acid 

analogues 

Domoic acid Diatoms (Pseudo-

nitzschia), Red algae 

Amnesic Shellfish 

Poisoning via 

glutamate-receptor 

agonism 

Siddhnath 

et al., 2024 

Carotenoids 

& pigments 

β-Carotene, 

Astaxanthin, 

Phycocyanin 

Green algae (Dunaliella), 

Cyanobacteria 

(Arthrospira) 

Antioxidant, anti-

inflammatory, 

nutraceutical 

applications 

Yu et al., 

2024 

 

Biosynthetic Mechanisms and Pathways 

Microalgal metabolites often arise from PKS and NRPS pathways, as well as mixed or unique 

routes. Compared to terrestrial organisms, microalgae especially dinoflagellates exhibit unusual 

biosynthetic genetics (Beedessee et al., 2018; Sasso et al., 2012). Cyanobacteria, though 

prokaryotic, deploy typical bacterial PKS/NRPS gene clusters. The microcystin peptide is made 

by a large NRPS–PKS hybrid cluster in Microcystis and Anabaena (Li et al., 2023; Sathasivam & 
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Ki, 2019). Similarly, the saxitoxin sxt genes in cyanobacteria encode a novel PKS-like assembly 

line (Bui et al., 2024; Li et al., 2023).  

 

In contrast, many eukaryotic microalgae have complex genomic architectures. 

Dinoflagellates have enormous genomes with many gene copies and trans-splicing; as a result, 

intact biosynthetic clusters are hard to identify by standard genome assembly (Bouyahya et al., 

2024; Beedessee et al., 2018). Nevertheless, studies suggest that dinoflagellate toxins are also 

polyketide derived. For instance, isotope feeding experiments with 13C-acetate showed that 

okadaic acid, brevetoxins, and ciguatoxins incorporate acetate units, implying a PKS origin 

(Assunção et al., 2017).  

 

However, these compounds do not always follow the “head-to-tail” acetate assembly rule; 

some dinoflagellate polyketides have truncated backbones or non-colinear structures, suggesting 

unusual enzymatic steps or rearrangements. A new proposal for such truncated polyketide 

formation has been suggested, indicating novel PKS enzymology in these algae (Bouyahya et al., 

2024). Recent advances in genomics and transcriptomics have begun to illuminate these pathways. 

For domoic acid, a cluster of four genes (dabA–D) was discovered in Pseudo-nitzschia, revealing 

a multi-enzyme pathway that constructs the amino-acid geranyl scaffold (Brunson et al., 2018). In 

the case of saxitoxin, feeding and biochemical studies in cyanobacteria showed that SxtA initiates 

the pathway by linking an arginine-derived fragment into a larger scaffold (Li et al., 2023).  

 

Additional enzymes introduce hydroxylations and sulfo-groups to yield diverse saxitoxin 

analogs (Bui et al., 2024). Although complete dinoflagellate biosynthetic pathways are still elusive, 

homologous genes to sxt have been found in Alexandrium transcriptomes, indicating similar 

chemistry (Beedessee et al., 2018). Furthermore, microalgae sometimes use hybrid biosynthetic 

strategies. Some toxins incorporate amino acids via NRPS modules or unusual precursors. 

Lyngbyatoxin A is a cyclic dipeptide that originates from a tryptophan–valine dipeptide and 

undergoes prenylation, a process resembling fungal indole alkaloid biosynthesis (Assunção et al., 

2017). The kahalalide F peptide likely derives from ribosomal peptides of the algal host or its 

symbiont, followed by tailoring steps (Király et al., 2013).  

 

Overall, microalgal biosynthesis combines bacterial-like modular enzymes and unique 

algal variations. This yields novel metabolic routes: e.g., prenylated amino acids, mixed 

PKS/NRPS toxins (microcystins), and giant polyether metabolites. Continued genome sequencing 

is beginning to reveal PKS and NRPS gene families (Beedessee et al., 2018). Notably, recent large-

scale genome studies have identified hundreds of PKS/NRPS genes in dinoflagellates, indicating 

an extensive repertoire of secondary-metabolite enzymes (Li et al., 2023; Sasso et al., 2012). 

 

Molecular Biology and Genetic Regulation 

Control of metabolite biosynthesis in microalgae involves regulation at multiple levels. 

Transcription of toxin genes is often upregulated under stress or specific conditions Pseudo-

nitzschia increases domoic acid gene expression under phosphate stress (Brunson et al., 2018). In 

cyanobacteria, microcystin production is regulated by nitrogen status, and light mcy operon 

expression is modulated by global regulators (Pradhan et al., 2022; Sathasivam & Ki, 2019). In 

dinoflagellates, transcripts for PKS/NRPS appear as multiple transcript isoforms; environmental 
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cues can alter toxin profiles, though the regulatory networks are poorly defined (Bouyahya et al., 

2024; Beedessee et al., 2018).  

 

At the genomic level, many biosynthetic genes are organized in clusters. The sxt cluster in 

cyanobacteria is contiguous, and the dab cluster in diatoms is co localized (Li et al., 2023; Brunson 

et al., 2018). Dinoflagellates may employ trans-splicing for secondary-metabolism genes, as seen 

in some ribosomal and peridinin genes (Beedessee et al., 2018). Chromatin structure and 

epigenetics might also influence metabolite genes in large dinoflagellate genomes (Bouyahya et 

al., 2024; Assunção et al., 2017). Genetic engineering of microalgae is still in early stages, but 

advances are beginning to allow pathway manipulation. Heterologous expression of dinoflagellate 

PKS modules in bacteria has provided partial products (Király et al., 2013; Sasso et al., 2012). 

 

Pharmacological and Drug Discovery Applications 

The potent bioactivities of microalgal metabolites have attracted interest in drug discovery and 

biotechnology. Several compounds or analogs are in pharmaceutical pipelines. Saxitoxin 

derivatives have been studied for use as local anesthetics and as tools in neurobiology (Király et 

al., 2013; Zhang et al., 2020). Okadaic acid is used in research to study cell signaling. Brevetoxin 

analogs have been investigated for treating cystic fibrosis by modulating chloride channels. 

Notably, many cyanobacterial peptides are anticancer leads. Curacin A is a potent antimitotic 

agent; bryostatins are being trialed in cancer and Alzheimer’s therapy (Robles-Banuelos et al., 

2023). Kahalalide F has reached clinical trials for solid tumors (Wyer et al., 2022; Pardo et al., 

2008). Algal pigments and fatty acids are marketed as nutraceuticals like astaxanthin and β-

carotene are sold as antioxidant supplements (Siddhnath et al., 2024; Higuera-Ciapara et al., 2006). 

Omega-3 fatty acids (EPA, DHA) are commercially produced by microalgae as sustainable 

alternatives to fish oil (Kunj et al., 2020; Sprague et al., 2017).  

 

Marine bioprospecting continues high-throughput screening of algal extracts has revealed 

antibacterial, antiviral, anti-inflammatory, and antifouling compounds (Hernández-Urcera et al., 

2023). Halogenated monoterpenes from red algae have antitubercular activity, and cyclopeptides 

from green algae show immunosuppressive effects. Many microalgal compounds target human 

disease pathways: their unique structures often interact with protein-protein interactions or ion 

channels in ways drugs rarely do. Calcium-channel modulators from algae could lead to new 

painkillers, and novel scaffolds provide templates for synthetic chemistry (Robles-Banuelos et al., 

2023). In drug discovery, microalgal metabolites bridge marine chemical ecology and medicine. 

The challenges are supply and synthesis: many toxins are produced in tiny amounts, and their 

complex structures make total synthesis difficult (Lee et al., 2025). Advances in fermentation of 

algae and chemoenzymatic synthesis are mitigating these issues (Gupta et al., 2024; Li et al., 2023). 

Microalgae can be cultured in bioreactors to produce desired metabolites; genetic engineering may 

soon allow overproduction of pharmaceutically relevant compounds in algal hosts (Ashour et al., 

2024; Sathasivam and Ki, 2019). Table 2 describes the difference in metabolite from microalgae 

and plants. 
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Table 2 Comparative features of microalgal metabolites and plant metabolites. 

Feature Microalgal 

Metabolites 

Plant Metabolites Reference 

Diversity Extremely high; many 

unique scaffolds 

(polyethers, peptides) 

High diversity (alkaloids, 

phenolics) but many 

shared scaffolds 

(terpenoids) 

Assunção et al., 2017 

Biosynthetic 

Genes 

Often large, multi-

domain PKS/NRPS 

clusters; some in 

plastid genome 

Commonly gene clusters 

(e.g. alkaloids) or 

distributed enzymes 

Beedessee et al., 2018; 

Sathasivam & Ki, 2019 

Examples of 

Compounds 

Saxitoxin, Domoic 

acid, Okadaic acid, 

Microcystin 

Morphine, Aspirin 

(salicylic acid), 

Artemisinin 

Li et al., 2023; Brunson 

et al., 2018 

Ecological 

Roles 

Chemical defense in 

aquatic food web (fish 

toxins) 

Defense against 

herbivores/pathogens 

Reguera & Blanco, 2019; 

Berdalet et al., 2016; 

Turner & Tester, 1997 

Commercial 

Products 

Biofuels (algal oil), 

Astaxanthin, 

Nutraceuticals 

Spices, drugs (e.g. taxol), 

edible oils 

Kunj et al., 2020; 

Higuera-Ciapara et al., 

2006; Sprague et al., 

2017 

Cultivation Aquatic bioreactors 

possible (non-arable 

land) 

Agricultural land needed Gupta et al., 2024; Chew 

et al., 2017; Turner & 

Tester, 1997 

Regulatory 

Status 

Emerging (few 

approved algal drugs) 

Many approved 

(traditional herbal 

medicines) 

Reguera & Blanco, 2019  

 

Future Directions and Challenges 

Despite remarkable advances in microalgal biotechnology, several scientific and technological 

challenges continue to limit the full exploitation of microalgal metabolites. Many algae produce 

their valuable compounds in low quantities or under very specific conditions, which makes 

growing them on a large scale expensive and time consuming. Their genomes can also be 

extremely complex, especially in dinoflagellates which baffle scientists to locate the exact genes 

responsible for making these useful chemicals. We need better sequencing tools and easier ways 

to genetically engineer these organisms. Nevertheless, the vast majority of microalgal biodiversity 

remains unexplored, representing an immense reservoir of potentially novel bioactive compounds.  

Emerging technologies, including metabolomics, artificial intelligence-assisted natural product 

discovery, genome mining, and innovative cultivation approaches, are rapidly transforming the 

pace of metabolite identification and characterization. By addressing current limitations through 

interdisciplinary research and technological innovation, microalgae have the potential to become 

one of the most sustainable and versatile sources of next-generation pharmaceuticals, functional 

biomaterials, nutraceuticals, and other high-value bio-based products. 
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Conclusion 

 

Microalgal metabolites represent one of the most promising frontiers in natural product research, 

offering an unparalleled diversity of structurally unique and biologically active compounds with 

significant pharmaceutical, biotechnological, and ecological value. The remarkable biosynthetic 

capabilities of cyanobacteria, diatoms, green microalgae, and dinoflagellates have led to the 

discovery of numerous metabolites exhibiting anticancer, antimicrobial, antiviral, anti-

inflammatory, antioxidant, and neuroprotective activities. Beyond their therapeutic potential, these 

compounds also provide valuable insights into ecological interactions, chemical defense 

mechanisms, and cellular signaling pathways, highlighting the multifaceted roles of microalgae in 

aquatic ecosystems. 

 

Recent advances in genomics, transcriptomics, metabolomics, synthetic biology, and 

bioinformatics have substantially accelerated the discovery and characterization of novel 

microalgal metabolites while enabling the identification of previously inaccessible biosynthetic 

gene clusters and metabolic pathways. In parallel, innovations in metabolic engineering, 

heterologous expression systems, and sustainable cultivation technologies are overcoming 

limitations associated with low metabolite yields, slow growth rates, and large-scale production, 

thereby facilitating the translation of promising natural products into commercially viable 

pharmaceuticals and industrial bioproducts. Despite these advances, significant challenges remain, 

including incomplete characterization of microalgal biodiversity, difficulties in metabolite 

isolation and structural elucidation, and the need for scalable and cost-effective production 

platforms. Addressing these challenges will require interdisciplinary collaboration integrating 

phycology, molecular biology, analytical chemistry, systems biology, biotechnology, and 

pharmaceutical sciences. 

 

In conclusion, microalgae should be regarded not merely as primary producers within 

aquatic ecosystems but as sophisticated biological factories capable of generating an extraordinary 

repertoire of high-value natural products. Continued integration of advanced omics technologies, 

artificial intelligence-assisted metabolite discovery, genome engineering, and sustainable 

bioprocess development will unlock their full biosynthetic potential, paving the way for the 

discovery of next-generation therapeutics, nutraceuticals, cosmeceuticals, and environmentally 

sustainable bio-based products. As research continues to reveal the remarkable chemical diversity 

encoded within microalgal genomes, these microscopic organisms are poised to play an 

increasingly central role in future innovations spanning medicine, biotechnology, and 

environmental sustainability. 

 

 

Acknowledgement 

 

The authors are thankful to the management of Nehru Arts and Science College, Coimbatore for 

providing all necessary support to carry out the research.  

 

 

  



 

353 
 

INTI JOURNAL | Vol.2026, Issue 3, No.11 

eISSN:2600-7320 

https://intijournal.intimal.edu.my 

 

References 

 

Ashour, M., El-Sherif, M., & Hassan, M. (2024). Chlorella-based biohydrogen and CO₂ capture: 

Advances in microalgal energy systems. Frontiers in Bioengineering and Biotechnology, 12, 

1387519. https://doi.org/10.3389/fbioe.2024.1387519  

Assunção, J., Guedes, A. C., & Malcata, F. X. (2017). Biotechnological and pharmacological 

applications of biotoxins and other bioactive molecules from dinoflagellates. Marine 

Drugs, 15(12), 393. https://doi.org/10.3390/md15120393  

Beedessee, G., Hisata, K., Roy, M. C., Satoh, N., & Shoguchi, E. (2018). Diversified secondary-

metabolite biosynthesis gene repertoire revealed in symbiotic dinoflagellates. Scientific 

Reports, 8, 6689. https://doi.org/10.1038/s41598-018-37792-0  

Berdalet, E., Fleming, L. E., Gowen, R., Davidson, K., Hess, P., Backer, L. C., Moore, S. K., 

Hoagland, P., & Enevoldsen, H. (2016). Marine harmful algal blooms, human health and 

wellbeing: Challenges and opportunities in the 21st century. Journal of the Marine 

Biological Association of the United Kingdom, 96(1), 61–91. 

https://doi.org/10.1017/S0025315415001733  

Bouyahya, A., Balahbib, A., Dohou, P., El Omari, N., El Menyiy, N., Guaouguaou, F.-E., Salhi, 

N., & Lorenzo, J. M. (2024). Bioactive substances of cyanobacteria and microalgae: Sources, 

metabolism, and anticancer mechanism insights. Biomedicine & Pharmacotherapy, 178, 

113384. https://doi.org/10.1016/j.biopha.2023.115989  

Brunson, J. K., McKinnie, S. M. K., Chekan, J. R., et al. (2018). Biosynthesis of the neurotoxin 

domoic acid in a bloom-forming diatom. Science, 361(6409), 596–599. 

https://doi.org/10.1126/science.aau0382  

Bui, Q. T. N., Pradhan, B., Kim, H. S., & Ki, J. S. (2024). Environmental factors modulate 

saxitoxins (STXs) production in toxic dinoflagellate Alexandrium: an updated review of 

STXs and synthesis gene aspects. Toxins, 16(5), 210. 

https://doi.org/10.3390/toxins16050210  

Chen, H., Qi, X., & Zhang, H. (2023). Industrial CO₂ capture through microalgae cultivation: 

Trends and prospects. Energies, 16(2), 897. https://doi.org/10.3390/en16020897  

Chew, K. W., Yap, J. Y., Show, P. L., Suan, N. H., Juan, J. C., Ling, T. C., & Lee, D.-J. (2017). 

Microalgae biorefinery: High value products perspectives. Bioresource Technology, 229, 53–

62. https://doi.org/10.1016/j.biortech.2017.01.006 

Dolganyuk, V., Kirsanov, A., & Britov, V. (2020). Microalgae: A promising source of valuable 

bioproducts. Foods, 9(2), 273. https://doi.org/10.3390/biom10081153  

Gamal, R., Nassar, S., & Ali, A. (2024). Marine microalgae and their industrial biotechnological 

potential: An updated overview. Egyptian Journal of Aquatic Research, 50(2), 141–156. 

https://doi.org/10.1016/j.jgeb.2024.100407  

Garcia-Rocha, M., Bonay, P., & Avila, J. (1996). The antitumoral compound Kahalalide F acts on 

cell lysosomes. Cancer letters, 99(1), 43-50. https://doi.org/10.1016/0304-3835(95)04036-

6  

Gupta, R., Mishra, N., Singh, G., & Mishra, S. (2024). Microalgae cultivation and value-added 

products from wastewater: A circular bioeconomy approach. Bioresources and 

Bioprocessing, 11(1), 19. https://doi.org/10.1186/s44315-024-00019-1  

Hernández-Urcera, J., Romero, A., Cruz, P., Vasconcelos, V., Figueras, A., Novoa, B., & 

Rodríguez, F. (2024). Screening of microalgae for bioactivity with antiviral, antibacterial, 

https://doi.org/10.3389/fbioe.2024.1387519
https://doi.org/10.3390/md15120393
https://doi.org/10.1038/s41598-018-37792-0
https://doi.org/10.1017/S0025315415001733
https://doi.org/10.1016/j.biopha.2023.115989
https://doi.org/10.1126/science.aau0382
https://doi.org/10.3390/toxins16050210
https://doi.org/10.3390/en16020897
https://doi.org/10.1016/j.biortech.2017.01.006
https://doi.org/10.3390/biom10081153
https://doi.org/10.1016/j.jgeb.2024.100407
https://doi.org/10.1016/0304-3835(95)04036-6
https://doi.org/10.1016/0304-3835(95)04036-6
https://doi.org/10.1186/s44315-024-00019-1


 

354 
 

INTI JOURNAL | Vol.2026, Issue 3, No.11 

eISSN:2600-7320 

https://intijournal.intimal.edu.my 

 

anti-inflammatory and anti-cancer assays. Biology, 13(4), 255. 

https://doi.org/10.3390/biology13040255  

Higuera-Ciapara, I., Félix-Valenzuela, L., & Goycoolea, F. M. (2006). Astaxanthin: A review. 

Critical Reviews in Food Science and Nutrition, 46(2), 185–196. 

https://doi.org/10.1080/10408690590957188  

Hoque, M. M., Chakraborty, S., & Ahmed, M. (2025). Microalgae: Green engines for carbon 

capture and sustainable development. Bioengineering, 12(9), 909. 

https://doi.org/10.3390/bioengineering12090909  

Ibrahim, T. N. B. T., Awang, N., Muda, K., & Aziz, M. (2023). Biological active metabolites from 

microalgae: A review. Bioresource Technology, 379, 129073. 

https://doi.org/10.1016/j.biortech.2023.128661  

Király, A., Dobrovodszky, C., Nagy, G., et al. (2013). Hypoxia reduces the efficiency of elisidepsin 

by inhibiting its lysosomal cell death pathway. Marine Drugs, 11(12), 4858–4877. 

https://doi.org/10.3390/md11124858 

Kunj, P., Sahu, S., Singh, G., & Arya, S. K. (2020). A review on algal oils as a sustainable source 

of essential omega-3 fatty acids. Bioresource Technology Reports, 30, 102154. 

https://doi.org/10.1016/j.biteb.2025.102154  

Lee, H., Nihan, K., & Kwon, Y. R. (2025). Cyanobacterial peptides in anticancer therapy: A 

comprehensive review of mechanisms, clinical advances, and biotechnological innovation. 

Marine Drugs, 23(6), 233. https://doi.org/10.3390/md23060233  

Li, Z., Zhu, X., Wu, Z., Sun, T., & Tong, Y. (2023). Recent advances in cyanotoxin synthesis and 

applications: A comprehensive review. Microorganisms, 11(11), 2636. 

https://doi.org/10.3390/microorganisms11112636  

Martínez-Ruiz, M., Martínez-González, C. A., Kim, D. H., Santiesteban-Romero, B., Reyes-

Pardo, H., Villaseñor-Zepeda, K. R., & Parra-Saldivar, R. (2022). Microalgae bioactive 

compounds to topical applications products—a review. Molecules, 27(11), 3512. 

https://doi.org/10.3390/molecules27113512  

Mutanda, T., Ramesh, D., Karthikeyan, S., & Kumar, V. (2020). Biotechnological applications of 

oleaginous microalgae. Frontiers in Energy Research, 8, 598803. 

https://doi.org/10.3389/fenrg.2020.598803  

Pardo, B., Paz-Ares, L., Tabernero, J., Ciruelos, E., García, M., Salazar, R., ... & Trigo, J. M. 

(2008). Phase I clinical and pharmacokinetic study of kahalalide F administered weekly as a 

1-hour infusion to patients with advanced solid tumors. Clinical cancer research, 14(4), 

1116-1123. https://doi.org/10.1158/1078-0432.CCR-07-4366  

Pradhan, B., Patra, S., Nayak, R., et al. (2022). Phytoplankton toxins and therapeutic potentials: A 

review. Toxins, 14(10), 664. https://doi.org/10.3390/md20040271  

Prasad, R., Kumar, V., & Singh, A. (2021). Role of microalgae in global CO₂ sequestration and 

climate change mitigation. Sustainability, 13(23), 13061. 

https://doi.org/10.3390/su132313061  

Reguera, B., & Blanco, J. (2019). Dinophysis toxins: distribution, fate in shellfish and 

impacts. Toxins, 11(7), 413. https://doi.org/10.3390/toxins11070413  

Robles-Banuelos, B., Durán-Riveroll, L. M., Rangel-Lopez, E., Pérez-López, H. I., & Gonzalez-

Maya, L. (2022). Marine cyanobacteria as sources of lead anticancer compounds: a review 

of families of metabolites with cytotoxic, antiproliferative, and antineoplastic 

effects. Molecules, 27(15), 4814. https://doi.org/10.3390/molecules27154814  

https://doi.org/10.3390/biology13040255
https://doi.org/10.1080/10408690590957188
https://doi.org/10.3390/bioengineering12090909
https://doi.org/10.1016/j.biortech.2023.128661
https://doi.org/10.3390/md11124858
https://doi.org/10.1016/j.biteb.2025.102154
https://doi.org/10.3390/md23060233
https://doi.org/10.3390/microorganisms11112636
https://doi.org/10.3390/molecules27113512
https://doi.org/10.3389/fenrg.2020.598803
https://doi.org/10.1158/1078-0432.CCR-07-4366
https://doi.org/10.3390/md20040271
https://doi.org/10.3390/su132313061
https://doi.org/10.3390/toxins11070413
https://doi.org/10.3390/molecules27154814


 

355 
 

INTI JOURNAL | Vol.2026, Issue 3, No.11 

eISSN:2600-7320 

https://intijournal.intimal.edu.my 

 

Sasso, S., Pohnert, G., Lohr, M., Mittag, M., & Hertweck, C. (2012). Microalgae in the post-

genomic era. FEMS Microbiology Reviews, 36(4), 761–785. https://doi.org/10.1111/j.1574-

6976.2011.00304.x  

Sathasivam, R., & Ki, J.-S. (2019). Microalgae metabolites: A rich source for food and medicine. 

Saudi Journal of Biological Sciences, 26(4), 709–722. 

https://doi.org/10.1016/j.sjbs.2017.11.003  

Siddhnath, Surasani, V. K. R., Singh, A., et al. (2024). Bioactive compounds from microalgae and 

applications in foods. Discover Food, 4, 27. https://doi.org/10.1007/s44187-024-00096-6  

Sprague, M., Betancor, M. B., & Tocher, D. R. (2017). Microbial and genetically engineered oils 

as replacements for fish oil in aquaculture feeds. Biotechnology letters, 39(11), 1599-1609. 

https://doi.org/10.1007/s10529-017-2402-6  

Srivastava, A., Kalwani, M., Chakdar, H., Pabbi, S., & Shukla, P. (2022). Biosynthesis and 

biotechnological interventions for commercial production of microalgal pigments: a 

review. Bioresource Technology, 352, 127071. 

https://doi.org/10.1016/j.biortech.2022.127071  

Turner, J. T., & Tester, P. A. (1997). Toxic phytoplankton, zooplankton grazers, and pelagic food 

webs. Limnology and Oceanography, 42(5), 1203–1214. 

https://doi.org/10.4319/lo.1997.42.5_part_2.1203 

Wang, X., Ma, S., & Kong, F. (2024). Microalgae biotechnology: Methods and applications for 

sustainable products. Bioengineering, 11(10), 965. 

https://doi.org/10.3390/bioengineering11100965  

Wyer, S., Townsend, D. M., Ye, Z., Kourtidis, A., Choo, Y. M., de Barros, A. L. B., & Hamann, M. 

T. (2022). Recent advances and limitations in the application of kahalalides for the control 

of cancer. Biomedicine & Pharmacotherapy, 148, 112676. 

https://doi.org/10.1016/j.biopha.2022.112676  

Yu, Z., Zhao, W., Sun, H., Mou, H., Liu, J., Yu, H., & Yang, S. (2024). Phycocyanin from 

microalgae: A comprehensive review covering microalgal culture, phycocyanin sources and 

stability. Food Research International, 186, 114362. 

https://doi.org/10.1016/j.foodres.2024.114362  

Zhang, W., Ji, T., Li, Y., Zheng, Y., Mehta, M., Zhao, C., Liu, A., Gordon, A., & Kohane, D. S. 

(2020). Light-triggered local anesthetic release for on-demand anesthesia. Nature 

Communications, 11, 4775. https://doi.org/10.1038/s41467-020-16177-w 

https://doi.org/10.1111/j.1574-6976.2011.00304.x
https://doi.org/10.1111/j.1574-6976.2011.00304.x
https://doi.org/10.1016/j.sjbs.2017.11.003
https://doi.org/10.1007/s44187-024-00096-6
https://doi.org/10.1007/s10529-017-2402-6
https://doi.org/10.1016/j.biortech.2022.127071
https://doi.org/10.4319/lo.1997.42.5_part_2.1203
https://doi.org/10.3390/bioengineering11100965
https://doi.org/10.1016/j.biopha.2022.112676
https://doi.org/10.1016/j.foodres.2024.114362
https://doi.org/10.1038/s41467-020-16177-w

