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Abstract
	
 This review surveys marine biotechnology and blue pharmaceuticals from 2010 through 2025, consolidating evidence on how ocean-derived biodiversity is being converted into drug leads and therapeutics. Chemical, pharmacological, and bioprocess literature are integrated to delineate trends in discovery, mechanism determination and preclinical-to-clinical translation. Highlights included continued growth of structurally unusual marine natural products, significant advances in oncology, anti-infective therapy, pain and CNS candidates and growing application of genome-directed discovery, engineered biosynthesis and enhanced downstream processing. Sustainable supply remains the ubiquitous bottleneck, with assessed solutions ranging from microbially and algal based production to source organism aquaculture, integrated blue-economy aligned microalgae-based biorefineries. This review categorises recent advances in to three key areas: chemical diversity and modes of action, therapeutic development pipelines and durable, ethical production approaches. Specific gaps are in target deconvolution of complex scaffolds, scalable manufacturing of low‐abundance metabolites and harmonized sustainability metrics. Relevance for global health is described, including mechanisms by which marine resource stewardship supports access to safe, effective medicines, and a pathway forward outlining targeted focus areas where organized research and policy can maximize impact.
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1. [bookmark: introduction]INTRODUCTION
The constantly growing global burden of disease constitutes a major challenge for public health systems all over the world and, therefore, there is an ongoing search for new drug candidates acting through a novel mechanism (Lindequist, 2016; Rotter et al., 2021; Jegadeshwari & Saraswathy, 2024). The world is confronted with several serious health problems ranging from the rising burden of cancer, estimated to produce over 35 million new cases annually by 2050 (World Health Organization, 2024), to an underground pandemic of antimicrobial resistance (AMR), that is anticipated to cost up to 10 million lives per year by then as well (Antimicrobial Resistance Collaborators, 2022). In 2022, cancer caused 9.7 million deaths alone, while AMR was a direct cause of death to 1.27 million in 2019 (Murray et al., 2022). Moreover, an international opioid crisis with >100 000 annual deaths worldwide has emphasized the pressing need for effective non-addictive pain treatments (World Health Organization, 2023).
Natural products have played a central role as new drug sources for decades, with the majority of the current pharmacopoeia originating from terrestrial plants and microorganisms (Newman & Cragg, 2016; Kim, 2020). Nevertheless, it has recently become increasingly common to find known compounds of terrestrial origin by re-discovery and exploitation of either less-investigated sources (Sankarapandian & Muthusamy, 2023; Gamberi & Fani, 2024). Being the largest remaining natural source of biodiversity, marine ecosystem of the world’s oceans (covering >70% of Earth's surface) is highly unexplored so far as medicinal molecules production strategy are concerned (Ramirez-Llodra et al., 2010).
The blue biotechnology, i.e., marine biotechnology explores the genetic and biochemical diversity offered by marine organisms in order to produce new products or protocols for several applications such as human health (Montaser & Luesch, 2011; Santos & Marcelino 2023). The harsh conditions prevalent in the marine environment (high pressure, low temperatures and characteristic chemical species) have stimulated the evolution of new metabolic pathways and the production of a huge diversity and complexity in secondary metabolites. These M N P s display diverse biological activities such as anticancer, anti-inflammatory, antiviral, antimicrobial activity which attracted scientific community by the possibility for them as a source of new drug leads (Banday & Lattoo, 2024; Bettio & Sprovieri, 2023).
The importance of this field is illuminated by the 13 FDA-approved marine-based therapeutic drugs that exist (Mayer et al., 2023) and the 34 clinical trial candidates poised to address areas of unmet need in oncology, pain, and infectious diseases (Haque & Huang, 2022). A well-known example is Ziconotide, a peptidic toxin derived from cone snail which provides high potency non-opioid treatment for the most intense level of chronic pain and addresses an opioid crisis (Safavi-Hemami et alCited by: Similarly, the eight marine-derived anticancer drugs that are currently approved on the market (including Trabectedin and Eribulin) offer new mechanisms of action to address resistance as well as positively influence patient survival and quality of life (Mayer et al., 2023).
[bookmark: methodology]This review highlights the development of marine biotechnology and blue pharmaceuticals from 2010 to 2025. It discusses the opportunities and challenges to finding, developing, and commercializing drugs derived from the marine environment that may be used for global health interventions (Montaser & Luesch, 2011; Haque & Huang, 2022; Martínez et al., 2025). The review is organized to present: the historical perspective of the field; in depth analysis of marine drugs currently in clinical pipeline; analytical view on progression of technology contributing to advance and development; as well as outlook on future directions for marine biotechnology within context of broader blue economy and sustainable development goals (Liang & Luesch, 2019; Yun & Lee, 2019, Banday et al., 2024). Positioning the developments in marine biotechnological research within life-threatening global health threats, this paper makes the case for emergent blue pharmaceuticals as a significant and expanding factor in future medicine.
[bookmark: X92b9161c9717451acef6faa05d46dd54558d64b] 2. METHODOLOGY
A systematic review had been conducted to identify peer-reviewed articles on marine biotechnology/ blue pharmaceuticals from 2010 onward until 2025. Electronic search was conducted in PubMed/MEDLINE, Web of Science, Scopus and ScienceDirect with specific keyword strings. Complaint name of marine sources were searched with terms as ” Marine Biotechnology, Blue Pharmaceuticals, Marine Natural Products, Drug Discovery, Global Health, Blue Economy, Sustainable Pharmaceuticals, Marine Biodiversity” The reports identified were combined and duplicates were eliminated. Two-stage screening was used, involving title and abstract screening followed by full-text screening of potentially eligible studies based on pre-specified inclusion criteria. Manuscripts were eligible if they described marine-derived compounds with direct possible therapeutic application in human health, or studies; that offered preclinical/clinical evidence of efficacy and/or those focused on the sustainable production of bioactive molecules. Non-peer review literature, papers only proposed but without a discernible health application and papers focusing to ecology or nutrition were the exclusion criteria. All studies were presented in a standard table format with the following information: biological sources, compounds class, proposed MoA (where suggested), stage of development (if any) and if there are reported safety or toxicity issues, whether the clusters were synthesized(synthetised/scaled up)/ bioengineering for scaffold types selected and what obstacles their research faced. The narrative summaries of the extracted results were used to identify convergent trends, discrepancies in literature and gaps with implications for global health.
2.1 Potential Sources of Bias and Limitations
A few potential sources of bias for the findings from this review have to be kept in mind and being honest about these limitations completes the research field. First, publication bias is a huge problem in natural product research: the studies with positive results (i.e., that report new bioactive compounds with potential therapeutic action) are more likely to get published than those reporting negative results (or inconclusive data) (Simoben et al., 2023). Such bias may have inflated the success rates of marine drug discovery and underestimated those compounds that did not advance beyond preclinical or clinical development. The bias toward publishing only statistically or clinically significant findings can have an impact on the performance of reviews and the lessons that are learnt from failed drug development programs may not be captured (Dalton et al., 2016).
Secondly, language bias might influence the overall completeness of this review because only English-language publication was considered in the primary search. It has been shown that non-English-language studies cannot be simply set aside as this could potentially introduce biases at a systematic scale, for instance in ecological and biological meta-analyses, since their effect sizes may differ or they describe other geographic areas or species (Konno et al., 2020). As a lot of marine biotechnology research is performed in countries with long coastlines and not English-speaking (for instance China, Japan, South Korea, Brazil) the fact that these articles were not included in our study might lead to an incomplete image on how the drug discovery from marine organisms proceeds worldwide.
Second, language bias might influence the scope of this review due to that only publications written in English were included in the main search. Study has shown that excluding non-English-language studies in ecological and biological meta-analyses may introduce systematic bias, because differently reported effect sizes and coverage of different geographic regions or species can be expected among the set of English and non-English studies (Konno et al., 2020). Considering that important marine biotechnology studies are conducted in countries where English is not the mother tongue and have large coastlines such as China, Japan, South Korea or Brazil this bias towards the exclusion of non-English language papers might lead to an artificial lack of representation of efforts for discoveryofmarineinduceddrugs worldwide.
Temporal bias should be taken into account in trend analysis in marine drug research. The 15 year period of time (2010–2025) is based on the need to encompass new developments, but there is potential that this duration does not cover the long development times typical for marine pharmaceuticals. Numerous agents approved in this timeframe were identified years prior, and reciprocally, drugs discovered during the period of review are likely to not have yet reached clinical approval. This delay may also result in a biased view of current discovery productivity.
Fifth, a positive outcome bias in natural product research may place an overemphasis on some marine organisms or compound classes that have provided successful drugs, and underemphasize organisms/chemical scaffolds that have been extensively pursued without delivering clinical candidates (Nair et al., 2019). This bias can potentially hamper the allocation of future projects to well-known sites instead of real novel biodiversity.
Last, but not least, bias in geography and taxonomy may affect the scope of marine organisms described in literature. Studies have demonstrated that there exist strong geographic biases in marine biodiversity research, and that particular areas (Caribbean) and taxonomic groups (sponges, cnidarians) are heavily over-represented compared with others (Watkins et al., 2021). Such bias might result from accessibility, historical research interests or funding focus rather than the true bioactive potential present in marine biodiversity.
[bookmark: X98b8da9355e3aafed311ad024e5854526ae6adb]This review used a broad search strategy, included more than one database and critically appraised the quality of included studies to reduce these biases. Nevertheless, readers are encouraged to interpret the results with consideration of these limitations and understanding that the published literature may not capture all obstacles, failures, and geographic spread of research on marine drugs across the world.
3. THE RISE OF MARINE PHARMACEUTICALS: A HISTORICAL PERSPECTIVE
The path of marine drugs from discovery to clinical development has been tortuous and lengthy, but through the years has been characterized by major scientific developments and technological breakthroughs (Butler, 2004; Harvey, 2000; Zamani et al., 2024). The field was indeed established in the 1950s with the publication of pioneering work by Bergmann and Feeney, who laid down one stone when they isolated spongo-thymidine and spongo-uridine from Cryptotethia crypta (of the Caribbean sponge) (Bergmann & Feeney, 1951). These findings provided the basis for the generation of the first-generation marine-derived drugs, such as anti-viral vidarabine (Ara-A) and anti-cancer cytarabine (Ara-C), which were approved in 1970s (Rinehart, 2000; Munro et al., 1999). These early proofs of concept on the role of marine organisms in drug discovery encouraged greater exploration of the chemical space of the ocean (Koehn & Carter, 2005) Open Science Editor: Matt Todd Page 2/6 Baker and Rajgarhia, 2007).
[bookmark: X5453229924a5c58d9b20b51383f8af5fcaa4bb1]4. THE CURRENT LANDSCAPE OF CLINICALLY APPROVED MARINE DRUGS
Enormously diverse chemical structures and bioactivities present in marine organisms are exemplified by the existing arsenal of clinically approved marine drugs (Haque & Huang, 2022; Mayer et al., 2010). These compounds have had a profound influence on the development of a number of important therapeutic areas such as oncology, pain and anti-viral (Williams 2009; Blunt and Prinsep 2017).
[bookmark: anti-cancer-agents]4.1 Anti-cancer Agents
Most clinical marine drugs are anticancer compounds – reflecting the general cytotoxic and/or cytostatic activity of most marine natural products (Carroll & Prinsep, 2021; Jimenez, 2018). These drugs include direct inhibition of microtubules, DNA alkylation and antibody-drug conjugates (Cragg & Pezzuto, 2016; Leal & Calado, 2012).
Eribulin mesylate is a synthetic macrocyclic ketone derived from halichondrin B, an extract from the marine sponge Halichondria okadai (Abad & Bermejo, 2011). Eribulin is a microtubule-targeted agent that is used to treat patients with metastatic breast cancer and liposarcoma, which represents an example of the impact of marine natural products from clinical perspective (Molinski & Saludes, 2009). Eribulin mesylate has shown to offer clinical advantage. Median overall survival (OS) was prolonged with eribulin in a phase III trial of metastatic breast cancer, leading to OS of 15.9 months compared to 14.5 months for capecitabine; the1-year survival rate was 64.4% vs 58.0% (Kaufman et al., 2015). In advanced liposarcoma, eribulin produced almost double the OS in pre-treated patients and a median OS of 13.5 months compared with 11.5 months for dacarbazine; it is the first single agent to directly confer a significant survival benefit from any Phase III study conducted in this setting (Demetri et al., 2017).
Trabectedin is a DNA alkylating agent derived from the tunicate Ecteinascidia turbinata (Jaspars and Ianora, 2016). A representative example is trabectedin (approved for advanced soft tissue sarcoma and ovarian cancer), which is one of the most effective anticancer treatments developed from marine organisms (Martins & Santos, 2014). Trabectedin has gained a firm place in the management of advanced STS. A landmark Phase III trial proved that trabectedin provided a 45% lower risk of progression or death versus dacarbazine (PFS: 4.2 vs. 1.5 months) (Demetri et al., 2016). Its effectiveness has also been confirmed in the real-world setting, with a median OS of 15.2 months in patients with advanced STS (Grünwald et al., 2022).
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Fig-1 Mode of Action of Anticancer agents
[bookmark: pain-management]Brentuximab vedotin is an antibody-drug conjugate linking a CD30-directed monoclonal antibody with the microtubule-inhibiting agent monomethyl auristatin E (MMAE), which is a synthetic derivative of a natural product found in the sea hare Dolabella auricularia (Olivera et al., 1990). It is employed for Hodgkin lymphoma and anaplastic major mobile lymphoma, demonstrating the use of marine items in the direction of qualified most cancers treatment (Zippel et al., 1995).
In sum, eight marine-derived antineoplastic agents have been approved by the FDA: Cytarabine, Trabectedin, Eribulin, Brentuximab vedotin, Polatuzumab vedotin, Enfortumab vedotin,Tisotumab vedotin and Lurbinectedin. They highlight the significance of the ocean as a source of new cancer medicines based on naturally evolved bioactivity (El Seedi et al., 2025).
4.2 Pain Management
Ziconotide, a synthetic peptide derived from the Conus magus cone snail, is a milestone as an alternative to pure opioid analgesics. In randomized double-blind placebo controlled trial for severe chronic nonmalignant pain intrathecal ziconotide yielded a change from baseline in mean NRS score of 31.2% compared to 6.0% for placebo (P≤0.001) (Wallace et al., 2006). Such a powerful analgesic effect is of particular relevance for patients that are refractory to standard therapeutic modalities, including intrathecal opioids. Evidence from a long-term registration with this device is supporting its clinical use, where 38.5% of registered patients have obtained a clinically relevant pain relief at 18 months (McDowell et al., 2020). Its use has also demonstrated the potential to enable a clinically-relevant lowering of concurrent opioid medication consumo, as it was observed in one study that daily morphine dose diminished from 10 mg/day at basal till 5.5 mg/day after six weeks of administration (Martínez-Salio et al., 2021), effectively addressing an unmet challenge in worldwide opiate crisis.
[bookmark: antiviral-agents]4.3 Antiviral Agents
Vidarabine is one of the first AVM compounds, an antiviral used to treat human herpes simplex infections (Proksch & Ebel, 2002). This product remains the iconic demonstration that deep-sea organisms contain potential medicinally useful substances (Ramirez-Llodra et al., 2010)
Table 1: Clinically Approved Marine-Derived Drugs
	Drug
	Source Organism (and symbiont, if known)
	Class/MoA
	Primary Indication
	Approval Year/Region
	Key Refs.

	Cytarabine
	Sponge (Cryptotethia crypta)
	Nucleoside / DNA synthesis inhibitor
	Leukemia
	1969 (FDA)
	Cappello, & Nieri(2021)

	Vidarabine
	Sponge (Cryptotethia crypta)
	Nucleoside / DNA synthesis inhibitor
	Antiviral (HSV)
	1976 (FDA)
	Cappello, & Nieri(2021)

	Fludarabine
	Sponge (Cryptotethia crypta)
	Nucleoside / DNA synthesis inhibitor
	Leukemia
	1992 (FDA), 1994 (EMA)
	Cappello, & Nieri(2021)

	Ziconotide
	Cone snail (Conus magus)
	Peptide / N-type calcium channel blocker
	Chronic Pain
	2004 (FDA), 2005 (EMA)
	Cappello, & Nieri(2021)

	Omega-3-acid ethyl esters
	Fish
	PUFA / Lipid regulation
	Hypertriglyceridemia
	2004 (FDA), 2005 (EMA)
	Cappello, & Nieri(2021)

	Nelarabine
	Sponge (Cryptotethia crypta)
	Nucleoside / DNA synthesis inhibitor
	Leukemia
	2005 (FDA), 2007 (EMA)
	Cappello, & Nieri(2021)

	Trabectedin
	Tunicate (Ecteinascidia turbinata)
	Alkaloid / DNA alkylating agent
	Ovarian Cancer, Soft Tissue Sarcoma
	2007 (EMA), 2015 (FDA)
	Cappello, & Nieri(2021)

	Eribulin mesylate
	Sponge (Halichondria okadai)
	Macrolide / Microtubule inhibitor
	Breast Cancer, Liposarcoma
	2010 (FDA), 2011 (EMA)
	Cappello, & Nieri(2021)

	Brentuximab vedotin
	Sea hare (Dolabella auricularia) symbiont
	ADC / Microtubule inhibitor (MMAE)
	Hodgkin Lymphoma, ALCL
	2011 (FDA), 2012 (EMA)
	Cappello, & Nieri(2021)

	Polatuzumab vedotin
	Mollusk / cyanobacterium
	ADC / Microtubule inhibitor (MMAE)
	Diffuse Large B-cell Lymphoma (DLBCL)
	2019 (FDA), 2020 (EMA)
	Cappello, & Nieri(2021)

	Enfortumab vedotin
	Mollusk / cyanobacterium
	ADC / Microtubule inhibitor (MMAE)
	Urothelial Cancer
	2019 (FDA), 2021 (EMA)
	Cappello, & Nieri(2021)

	Lurbinectedin
	Tunicate (Aplidium albicans symbiont)
	Alkaloid / DNA alkylating agent
	Small Cell Lung Cancer
	2020 (FDA)
	Cappello, & Nieri(2021)

	Belantamab mafodotin
	Mollusk / cyanobacterium
	ADC / Microtubule inhibitor (MMAF)
	Multiple Myeloma
	2020 (FDA), 2020 (EMA)
	Cappello, & Nieri(2021)


Data compiled from FDA Orange Book (2024),), and Mayer et al. (2024).
[bookmark: Xb43b411ffc9bf5aedbe9589ddd651f96dbcd4c9]5. TECHNOLOGICAL ADVANCEMENTS DRIVING MARINE DRUG DISCOVERY
Over the past few decades, technological developments have transformed marine drug discovery and enabled researchers to find, isolate and synthesize new bioactive molecules from immense biodiversity at sea unprecedentedly fast and precise. The convergence of artificial intelligence (AI), genomics, state-of-the-art chemical analysis and biotechnology has heralded a new era for marine natural product research with promising impact on oncology, anti-infectives, neurology, and inflammation therapy (Liang et al., 2019; Albukhari et al., 2025).
[bookmark: X3831e415627b89f0ad6889af4515889f8a4f8c4]5.1. Advances in Sample Collection and High-Throughput Screening
Recent exploring techniques such as ROVs (remotely operated vehicles) and AUVs (autonomous underwater vehicles) have provided new opportunities to investigate marine environments that were previously inaccessible, such as deep sea trenches and hydrothermal vents (Harvey & Quinn, 2015; Koehn & Carter, 2005). This has contributed to the revelation of new organisms with metabolic products previously unknown and novel biosynthetic pathways (Nicolaou & Vourloumis, 1998). Additionally, the development of HTS and better knowledge of molecular targets are contributing to efficient screening process of large marine extract and compound libraries (Nicolaou et al., 1994; Molinski, 2010). 
Table 2: Marine Candidates in Clinical
	Candidate
	Target/MoA
	Indication
	Phase (Latest)
	Sponsor/Origin
	Notes (ADC/semisynthetic, etc.)
	

	Plinabulin
	Microtubule destabilizer
	Non-Small Cell Lung Cancer
	Phase III
	Beyond Spring
	Synthetic analog of a fungal compound
	

	Becotatug vedotin
	EGFR
	Non-Small Cell Lung Cancer
	Phase III
	Lepu Biopharma
	ADC (MMAE)
	

	Anvatabart opadotin
	HER2 & microtubules
	Breast Cancer, Gastric Cancer
	Phase III
	Ambrex / Zhejiang Medicine
	ADC (Amberstatin 269)
	

	Sigvotatug vedotin
	Integrin beta-6
	Solid Tumors
	Phase III
	Pfizer
	ADC (MMAE)
	

	Zelenectide pevedotin
	Nectin-4 (PVRL4)
	Bladder, Breast, Ovarian Cancers
	Phase III
	Bicycle Therapeutics
	ADC (MMAE)
	

	Zilovertamab vedotin
	ROR1
	Relapsed/refractory DLBCL
	Phase III
	Merck
	ADC (MMAE)
	

	Mebotamab vedotin
	AXL
	Solid Tumors, Sarcoma
	Phase II
	BioAtla
	ADC (MMAE)
	


[bookmark: X488c2e7331a4d34c47931462f89703dbeeb963e]* Trials (Data compiled from ClinicalTrials.gov database (accessed October 2025) and Mayer et al. (2024).
5.2. Innovations in Structure Elucidation and Synthesis
The structural complexity of numerous marine natural products has always been a great difficulty for their assignment and total synthesis (Wolfender et al., 2015; Nicolaou & Snyder, 2005). However, the development of sophisticated analytical tools such as cryoprobe-NMR (nuclear magnetic resonance) spectroscopy and HR-MS (high-resolution mass spectrometry) enabled the structural elucidation of complex compounds from submicroscopic amounts of chemical material (Baran & Richter, 2007; Ziemert & Weber, 2016). Furthermore, advancements in synthetic chemistry have allowed structural complex marine natural products to be completely synthesised and produced from sustainable resources for further investigations (Medema & Fischbach, 2015; Cimermancic et al., 2014; Bogdanov et al., 2024).
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Figure-2 Bio-discovery & development pipeline schematic
[bookmark: Xcc64e7c1adf46e68b1cd37ff6a3d7a966a5b367]5.3. The Genomic Revolution: Mining for Marine Bioactives
The development of Next Generation Sequencing (NGS) technologies has transformed marine drug discovery through the rapid decoding of an immense cryptic biosynthetic potential written into the genomes of marine life-forms (Katz & Baltz, 2016; Rutledge & Challis, 2015). With the genome mining approach, biosynthetic gene clusters (BGCs) for secondary metabolite production can be discovered from even unculturable species of bacteria (Bachmann and Baltz 2014; Awakawa and Horinouchi 2009). This approach has shown that the production potential of many marine microorganisms is larger than traditional culture-based methods have led to believe (Baltz, 2017; Cragg & Newman, 2011). With the heterologous expression of these BGCs in more amenable hosts, we are now able to generate new compounds and “unnatural” natural products with altered therapeutic effects (Kingston, 2011; Schwartsmann et al., 2002; Chen et al., 2024).
[bookmark: X354fd062fba404b9897e9956d982bec2351ca19]6. CONQUERING THE SUPPLY PROBLEM: THE SUSTAINABLE MANUFACTURE OF MARINE DRUGS
Supply has always been one of the biggest obstacles in marine drugs (Montaser & Luesch, 2011; Newman, 2016). There are numerous bioactive molecules that are made in such small amounts by nature that extraction in quantities large enough for drug development is neither economically viable nor ecologically sound. It is a challenge with great impact on drug development timelines and costs, and ultimately whether marine pharmaceuticals will be commercially viable. Nonetheless, by applying novel ecofriendly strategies involving synthetic chemistry, biotechnology and fisheries management, researchers are working toward overcoming these challenges and realising the therapeutic value of marine natural products (Newman, 2018; Martinez et al., 2025).
[bookmark: the-magnitude-of-the-supply-challenge]6.1 The Magnitude of the Supply Challenge
The supply problem presents in different forms for marine drug candidates, but regardless it is a major issue. Halichondrin B, the natural product precursor of eribulin is a case in point for this challenge. An average of 1 ton of the marine sponge Halichondria okadai produces just one gram of halichondrin B, therefore it could never be made available for use in clinical trials through natural collection (Melvin, 2011). This exceptional scarcity prompted one of the most intricate total synthesis campaigns in pharmaceutical history, culminating with eribulin, a simplified analogue that preserved the therapeutic activity but is easier to synthesize. Time from discovery to FDA approval was nearly four decades, and supply shortages were the predominant limiting factor for many years (Nicolaou et al., 2022).
Also, trabectedin (ET-743) derived from the Caribbean tunicate Ecteinascidia turbinata to was hampered by heavy supply issues and it took over two decades until its clinical value started unfolding. The latter is a secondary metabolite that occurs in very low quantities in its natural source, and initial efforts to develop aquaculture of E. turbinata were inconsistent for commercial production (Jimenez et al., 2018). The [7, 7'-(Z,Z) 3aH]chlorophyll a isomer was obtained by means of semisynthesis that applied cyanosafracin B - the fermentation product of Pseudomonas fluorescensn ] as a starting material. This novel supply solution overcame the limitations of supply and allowed for its approval in 2007, some thirty-eight years after being isolated (Cuevas et al., 2009).
The bryostatin-1 example is yet another example underscoring how supply restrictions can limit clinical development of very promising agents. One of the most heavily investigated marine natural products for which more than 40 clinical trials have been conducted covering treatment areas such as cancer, Alzheimer’s disease and HIV/AIDS, only ~18 grams of natural bryostatin-1 has been obtained to date from its source B. neritina (Irie et al., 2012). Adequate for clinical trial supply by virtue of the compound’s extraordinary potency, limitations in availability have precluded dose escalation studies, limited patient enrolment, and Trial activities restricted To further therapeutic indications. The structural complexity of bryostatin-1 has hindered total synthesis on an economically viable scale, motivating the preparation of a number of synthetically accessible analogs like aplog-1 that can be generated over 22 steps using only standard synthetic tactics yet possesses bryostatin-like bioactivity (Nakagawa et al., 2009).
[bookmark: solutions-through-chemical-synthesis]6.2 Solutions through Chemical Synthesis
Total synthesis is one of the most direct strategies to solve the problems of marine drug supply, however it consumes a large amount of man power in synthetic chemistry and may need decades for highly complex structures. Reproducing the total synthesis of halichondrin B, which was finally achieved in 1992 by Kishi and colleagues after many years of intense endeavor may be counted as a great solace that up to also the most complex inaugural products from marine life are indeed synthesizable (Aicher et al., 1992). This achievement opened eribulin to be developed, since the more linear structure economically enabled commercial synthesis. Recently, the advancement of modern synthetic methods, such as modular or convergent strategies and large-scale preparation of key fragments have facilitated the efficiency of total synthesis based on marine natural products (Nicolaou et al., 2022)
[bookmark: biotechnological-approaches]6.3 Biotechnological Approaches
With the rise of genomic technologies and synthetic biology, there are new possibilities to devise the production of marine natural products through heterologous expression in an engineering-friendly host organism. Genome mining has shown that numerous marine microbes have much more biosynthetic potential than was previously appreciated, based on classical culture-based studies. When the genes that give rise to bioactive compounds in marine bacteria or yeast are identified and expressed, it may be possible to produce “marine‐derived” natural products by fermentation as an alternative source for wild harvest genotrophic agent production (Schada von Borzyskowski et al., 2023).
[bookmark: aquaculture-and-sustainable-harvesting]6.4 Aquaculture and Sustainable Harvesting
Marine aquaculture is an alternative for supply side mitigation, but has its own technical challenges. Sponge aquaculture has been attempted across a range of species, with mixed outcomes depending on growth rates, yield in terms of compounds produced, and the environment (Maslin et al., 2021). Sustainable anticancer drug development via coral aquaculture has also been in the spotlight, thus providing a new prospect for slow-growing coral organisms (Lin et al., 2024). Nevertheless, aquaculture strategies face difficulties in keeping up with production rate of compounds in the cultured organisms, conditions for growth, and economy status at a commercial level.
[bookmark: microalgal-biorefinery]6.5 Microalgal Biorefinery
Towards a vision for sustainable Blue bioeconomy. One of the most interesting ways in which this can be achieved for pharmaceuticals (and other highly added value products) is through the beautiful idea of the microalgal biorefinery (Chew et al., 2017; Zhu, 2015; Wensel et al., 2022). Microalgae are photosynthetic microorganisms that can be grown on a large scale and have been demonstrated to produce various bioactive compounds (Barkia, Saari, & Manning, 2019). A microalgal biorefinery means a factory-l ike industrial facility with an integrated system for cultivating and fractionating of microalgal biomass into numerous products such as drugs, nutraceuticals, biofuels, animal feed (Goswami et al., 2018). Such integrated strategies should thus not only generate a sustainable source for such valuable compounds, but be coupled with environmental remediation including the decontamination of pharmaceuticals in wastewater (Eze et al., 2023).
[bookmark: implications-for-future-drug-development]6.6 Implications for Future Drug Development
The supply problem fundamentally shapes marine drug development strategies and risk assessment. Pharmaceutical companies and research institutions must now evaluate supply feasibility early in the discovery process, alongside traditional criteria such as biological activity and selectivity. Compounds with insurmountable supply challenges may be deprioritized in favor of those for which synthetic or biotechnological solutions appear feasible. This reality has several important implications: it may bias drug discovery toward structurally simpler compounds or those produced by cultivable organisms; it necessitates substantial upfront investment in chemistry or biotechnology before clinical development can proceed; and it favors institutions with strong synthetic chemistry or synthetic biology capabilities. Ultimately, solving the supply problem is not merely a technical challenge but a prerequisite for translating marine biodiversity into therapeutic benefits for global health.
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Figure-3 Supply solutions flowchart

[bookmark: X726c264f1968444f8ffffbcd191f818af31e198]7. MARINE BIOTECHNOLOGY IN THE CONTEXT OF GLOBAL HEALTH
The ability of marine biotechnology to embrace global health issues and challenges goes beyond that of merely the search for new drugs intended for the more developed market places (Thompson, Kruger, & Thompson, 2017; Prates, 2025). Compounds derived from marine sources hold a considerable promise for providing valuable answers to neglected tropical diseases and health problems which are already impacting very extensively in the affected developing countries (Nweze et al., 2021).
[bookmark: the-treatment-of-neglected-diseases]7.1 The Treatment of Neglected Diseases
Marine natural products have already shown themselves to be of considerable promise for their inimical effect towards malaria, leishmaniasis and trypanosomiasis: diseases which together affect hundreds of millions of human beings over the world (Cheuka et al., 2016; Álvarez-Bardón et al., 2020; Nweze et al., 2021). The particular modes of action of many of the marine derived products may give them a special attraction in view of the need to attack drug resistant pathogens (Tempone et al., 2021; Karthikeyan et al., 2022).
[bookmark: antimicrobial-resistance]7.2 Antimicrobial Resistance
The ever increasing threat of the cause of antimicrobial resistance has led to a world-wide pressing need for new classes of antibiotics to be developed (Liu et al., 2019; Nweze, Mbaoji, Huang, Li, & Yang, 2020). Marine organisms in particular, especially those occurring in extreme environmental conditions, have evolved the existence of many unique antimicrobial compounds which may provide the answer to this particular global health problem (Barbosa, Sena, Neto, & da Silva, 2020; Giordano, 2020; Kiruthiga et al., 2025).






Table 3: Global-Health Applications: Neglected Diseases & Anti-Microbial Resistance Leads
	Pathogen/Disease Area
	Marine Lead/Compound Class
	Evidence Type (in vitro/in vivo/clinical)
	Proposed MoA
	Development Hurdles
	Key Refs.

	MRSA
	Nocardiopsistins, Stremycins
	In vitro
	Cell wall synthesis inhibition, membrane disruption
	Low yield, cytotoxicity
	Nweze etal.,2020

	VRE
	Marine-derived peptides
	In vitro
	Membrane permeabilization
	Stability, delivery
	Bharathi &Lee, 2025

	MDR-TB
	Marine Streptomyces metabolites
	In vitro
	Cell wall synthesis inhibition
	Long development timeline
	Bharathi &Lee, 2025

	P. aeruginosa
	Quorum-sensing inhibitors
	In vitro
	Disruption of bacterial communication
	Biofilm penetration
	Bharathi &Lee, 2025

	Drug-Resistant Candida
	Marine-derived polyketides
	In vitro
	Ergosterol biosynthesis inhibition
	Selectivity
	Bharathi &Lee, 2025

	Malaria (P. falciparum)
	Marine alkaloids (e.g., Manzamine A)
	In vitro, in vivo
	Inhibition of hemozoin formation
	Bioavailability, cost
	Abdelmohsen et al.,2017

	Leishmaniasis
	Marine peptides and terpenoids
	In vitro
	Mitochondrial disruption
	Limited in vivo data
	Abdelmohsen et al.,2017

	Chagas Disease (T. cruzi)
	Various marine compounds
	In vitro (HTS)
	Parasite-specific enzyme inhibition
	Lead optimization, funding
	Bardon etal.,2020


Compiled from Nweze et al. (2020), Abdelmohsen et al. (2017), and Bardon et al. (2020).
[bookmark: challenges-and-future-directions]8. CHALLENGES AND FUTURE DIRECTIONS
Although much progress has been done in the last years, there are still some challenges that need to be overcome to achieve the full potential of marine biotechnology for global health (Lindequist, 2016; Malve, 2016; Daniotti & Re, 2021).
8.1 Technical and Scientific Challenges
Culturing the “Unculturable” remains a great obstacle as majority of marine microorganisms are still non-cuLturable under laboratory conditions making it impossible to be able to study their metabolism, phylogeny, and bioactive compounds associated with them (Wang, Li, Huang, & Zhang, 2021; Zhang, Ahmad, Zhu Chen &.Li 2021). The problem of dereplication remains a major issue for natural products, with known compounds often repeatedly discovered and new analytical and computational chemistry approaches are therefore needed to rapidly identify and direct the discovery of new compounds (Medema & Fischbach, 2015; Romano & Tatonetti, 2019). According to Gerwick and Moore (2012), the investigations in mechanism of action are equivalent with a new investigation drug or natural product, which however require long time and more new at the methodology level.
[bookmark: economic-and-regulatory-problems]8.2 Economic and Regulatory Problems
High Cost of Development is still a major obstacle, since the drug development process is long, expensive and very risky, which makes it difficult to raise funds to study marine drug discovery at all levels, and particularly in the early stages (Gerwick & Moore, 2012; Malve, 2016). Intellectual Property front creates uncertainty in the commercialisation, since the climate of the legal situation concerning intellectual property rights of marine genetic resources is complicated and still developing (Lindequist, 2016). Regulatory Pathways for Drugs from the marine environment are complex, particularly for new classes of compounds which may not fall within the scope of existing regulatory frameworks (Lindequist, 2016; Malve, 2016).
[bookmark: future-directions]8.3 Future Directions
Incorporation of “-omics” technologies will open a more comprehensive understanding on marine biosynthetic potential and ecosystems through further exploitation of genomics, proteomics, and metabolomics (Abid et al., 2018). One major opportunity is to focus on neglected diseases, as MBT can contribute to several NTDs that mainly impact developing nations (Álvarez-Bardón et al., 2020). Sustainable production platforms will be crucial for the long-term success of the field, and there is still a need for ongoing research to develop such sustainable processes, whether via synthetic biology or microalgae biorefineries (Okeke et al., 2022). International collaboration will be increasingly necessary to solve the world’s health challenges of the 21st century, with researchers working together more closely with industry and government (Rotter et al., 2021).
[bookmark: conclusion]9. CONCLUSION
Marine biotechnology and blue pharmaceuticals have emerged as a vibrant and highly promising field with the potential to make a significant contribution to global health. The vast and largely unexplored biodiversity of the world’s oceans offers a unique opportunity to discover novel therapeutic agents with the potential to treat a wide range of diseases. The 15-year period from 2010 to 2025 has witnessed a remarkable acceleration in the field, driven by technological advancements, a deeper understanding of marine ecosystems, and a growing recognition of the urgent need for new medicines.
The fact that 13 marine drugs have been successfully developed and approved for the clinic is evidence that the difficulties of marine drug development can be overcome (Haque and Huang, 2022). The future of the field will lie in being able to keep innovating, finding sustainable and scalable production methods, and maintaining a research climate that is cooperative and supportive. Along the lines of blue economy and sustainable development, marine biotechnology can carry out a double win: timely medicine for human health supplements or substitutes promotion to conserve and sustainably use valuable sea resources. A new wave of drugs from the sea is no longer a far-off promise, but fast becoming a reality that could rewrite the future of global health in the 21st century
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