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Abstract
[bookmark: _GoBack]Encompassing more than 70% of the Earth's surface, the ocean is an extensive and mostly unexplored repository of biodiversity, containing a remarkable variety of living organisms. Of these, marine species including algae, sponges, fungi, bacteria, and invertebrates have attracted scientific attention because of their capacity to synthesize a diverse range of bioactive constituents. Recently, there has been considerable interest in marine natural products for their potential as innovative antiviral agents (Benen, R. G., et al., 2013). The present review examines the latest progress in the identification and advancement of marine-derived chemicals exhibiting antiviral properties. We analyze the processes by which these chemicals exercise their effects, which include the suppression of viral entrance, replication, and the adjustment of host immunological responses. In addition, we emphasize the role of these natural compounds in fighting new viral infections like SARS-CoV-2 and other respiratory viruses, as well as their possible application in treating neglected tropical diseases. Notwithstanding the encouraging outcomes, the advancement of antiviral drugs generated from marine sources encounters many obstacles, encompassing concerns pertaining to extraction, sustainability, and growth. Yet, progress in biotechnological methods, such as synthetic biology and nanotechnology, provides fresh possibilities to surmount these obstacles. The potential for the advancement of next-generation antiviral treatments may be found in marine natural compounds, suggesting a fruitful direction for the future of antiviral medication research.
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1. Introduction
Recent epidemics, such as COVID-19, produced by the SARS-CoV-2 virus, provide compelling evidence of the substantial danger that viral infections present to global public health. COVID-19 has been an infection with significant mortality. As the pandemic swept across the world, we urgently needed to determine effective and optimal therapies for patients at each stage of disease. However, no specific antiviral treatment proved consistently effective for COVID-19 during its initial emergence (Yavuz & Ünal, 2020; Robinson et al., 2022; Alum et al., 2024). The efficacy of conventional antiviral treatments is often constrained by challenges like medication resistance, toxicity, and the introduction of novel virus strains. Hence, there is a pressing want for innovative antiviral drugs that can tackle these difficulties and offer more efficient therapeutic alternatives (Silva, T. M. et. al, 2013). Marine habitats, which compose the bulk of the Earth's biosphere, are among the most abundant reservoirs of species on Earth. The climatic conditions specific to the marine environment have influenced the development of marine species with unique metabolic pathways, resulting in the synthesis of a wide range of structurally varied and physiologically active secondary metabolites. The growing interest in these marine natural compounds stems from their inherent potential as sources of novel pharmaceuticals, particularly antiviral medicines (Akhtar, N., et al., 2024).  A diverse range of intriguing candidates has been identified in the quest for new antiviral chemicals derived from marine sources. Studies have demonstrated that marine algae, sponges, fungi, bacteria, and crustaceans are capable of synthesizing substances that possess strong antiviral properties. These compounds frequently have distinct modes of action that vary from those of traditional antiviral medications, providing novel opportunities for the chemotherapy of viral infections. For instance, specific sulfated polysaccharides (Ohta, Y. et. al., 2009, Lu, Y. et al., 2016) obtained from marine algae have been confirmed to impede viral entry by obstructing the attachment of viruses to host cells. Similarly, other compounds derived from marine sources have been demonstrated to disrupt viral replication or alter the host immune response to strengthen antiviral defense (Sinha, S. et. al., 2010). 
The present review offers a thorough summary of the latest progress in the identification and advancement of marine natural compounds as antiviral agents. Firstly, we will examine the several categories of antiviral chemicals obtained from marine sources, emphasizing their origins, chemical compositions, and modes of action. Next, we investigate the utilization of these chemicals in the management of newly emerging viral infections, specifically examining their possible efficacy against SARS-CoV-2 and other respiratory viruses, as well as neglected tropical diseases. The obstacles pertaining to the creation of marine-derived antivirals, encompassing concerns of sustainability, scalability, and regulatory approval, are addressed in this paper. Additionally, the future prospects and opportunities in this captivating area of study are discussed (Lee, J. B., 2013). 
The objective of this study is to emphasize the significance of marine natural products in the continuous pursuit of efficient antiviral treatments by consolidating the most recent discoveries and ideas. In light of the ongoing worldwide challenge posed by viral illnesses, the investigation of marine biodiversity presents a very promising and virtually unexplored opportunity for the identification of innovative antiviral medicines that have the potential to revolutionize the field of medicine. 
2. Classification of Marine-Derived Antiviral Compounds
A wide range of organisms in marine ecosystems synthesize distinct bioactive chemicals that have the potential to exhibit antiviral effects (Karthikeyan et al., 2022). These chemicals are traditionally categorized according to their origin organisms, encompassing marine algae, sponges, fungi, bacteria, and invertebrates. Each category of marine species provides unique chemical compounds with varied structures and modes of action. 
2.1 Marine Algae 
Aquatic algae, namely macroalgae or seaweeds, are extensively researched aquatic organisms for their antiviral characteristics. These organisms synthesize a diverse array of bioactive chemicals, such as sulfated polysaccharides, lectins, and polyphenols, that have shown strong antiviral properties against a broad spectrum of viruses. 
Sulfated polysaccharides, including fucoidan, carrageenan, and alginate, are a prominent category of antiviral chemicals identified in marine algae. The inhibitory effect of these chemicals on viral entrance is achieved by impeding the binding of viruses to receptors on host cells. Carrageenan, derived from red algae, has been demonstrated to hinder the reproduction of human papillomavirus (HPV) and herpes simplex virus (HSV) by impeding the viral adsorption process (Vo, T. S., & Kim, S. K., 2013). 
Marine algae also synthesize lectins, which are membrane proteins that selectively attach to carbohydrates. Certain algal lectins, such as griffithsin derived from red algae, have demonstrated a wide range of antiviral properties, including the ability to suppress HIV and influenza viruses. Griffithsin interacts with glycoproteins encoded on the viral envelope, therefore inhibiting the virus's ability to adhere to and penetrate host cells (Hu, X. et. al., 2018). 
Polyphenolic substances, such as phlorotannins derived from brown algae, have shown antiviral potency by inhibiting viral neuraminidase and suppressing viral reproduction. Phlorotannins have shown high efficacy in combating influenza viruses (Park, J. Y. et. Al., 2012). 
2.2 Benthic Sponges 
The marine sponges are a very productive reservoir of antiviral chemicals, generating a diverse range of secondary metabolites characterized by distinct structures. There is evidence that sponges contain a wide range of bioactive compounds, such as alkaloids, terpenoids, and peptides, many of which have strong antiviral effects (Maier, M. S., 2020). 
Avarol and Avarone, sesquiterpenoid hydroquinones purified from the Mediterranean sponge Dysidea avara, have demonstrated substantial antiviral efficacy against HIV. The reverse transcriptase enzyme, essential for HIV replication, is inhibited by avarol and avarone. 
The compound manoalide, which is a sesterterpenoid extracted from the sponge Luffariella variabilis, has shown antiviral properties by suppressing viral replication. Investigations have been conducted to assess its efficacy against HSV and other viral infections. 
The complex polyether macrolides known as Halichondrins, which are obtained from the sponge Halichondria okadai, have demonstrated antiviral effects against herpes viruses. Through the disruption of microtubule dynamics, crucial for viral assembly and transport, Halichondrins impede viral replication (Ferreira, et. al., 2018). 
2.3 Marine Fungi and Bacteria 
Marine fungus and bacteria are very productive sources of bioactive chemicals characterized by a wide range of chemical structures and processes of bioactivity. Associated with marine invertebrates or algae, these microorganisms have a role in the synthesis of antiviral chemicals via symbiotic interactions (Abdelmohsen, et. al., 2020). 
Marine-derived alkaloids: Alkaloids having antiviral properties have been determined to be produced by marine fungus. For instance, Aspergillomarasmine A, an alkaloid derived from the marine fungus Aspergillus, has demonstrated promise in combating HIV by impeding viral replication (Song, Y. et. al., 2019). 
Marine bacteria, especially those belonging to the genus Streptomyces, are recognized for their ability to synthesise polyketides, a group of chemicals that possess highly effective antiviral characteristics. Tetracenomycin, a polyketide, has demonstrated efficacy against influenza viruses by selectively blocking viral RNA polymerase. 
The protein cyanovirin-N, obtained from marine cyanobacteria, has shown extensive antiviral properties, including against HIV and influenza viruses. Its mechanism of action involves the binding to viral glycoproteins, therefore inhibiting viral entrance into host cells.
2.4: Marine Invertebrates 
Marine invertebrates, such as mollusks, echinoderms, and cnidarians, synthesize a diverse range of bioactive phytochemicals that exhibit antiviral properties. These organisms frequently depend on chemical defenses to safeguard themselves against predators and diseases, leading to the synthesis of powerful antiviral substances. 
Marine mollusks, like the sea hare Aplysia dactylomela, synthesise antimicrobial peptides that have demonstrated antiviral properties. For instance, dolabellanin B, which was obtained from the sea hare, has shown antiviral effects against HSV by altering the structure of the virus envelope. 
Saponins derived from echinoderms, including sea cucumbers, have demonstrated potential antiviral properties against a range of viruses. The disruption of viral envelopes and inhibition of viral replication by these chemicals render them highly promising contenders for the development of antiviral drugs. 
Cnidarian-derived metabolites, such as Pseudopterosins, are produced by cnidarians, including soft corals. These metabolites have demonstrated remarkable antiviral properties by regulating the immunological response of the host and preventing the multiplication of viruses. 
3. Mechanisms of Antiviral Action
Marine natural compounds exert their antiviral actions by several methods, which may be broadly classified as the impediment of viral entrance, the suppression of viral replication, and the regulation of the host immune response. Comprehending these processes is essential for the development of bioactive antiviral treatments using chemicals obtained from marine sources (Newman, et al., 2012). 
3.1: Viral Entry Inhibition 
The first stage of viral infection begins with the virus binding to receptors on the host cell, and then merging with the membrane of the host cell. Marine bioactive compounds can disrupt this mechanism, therefore inhibiting the virus from infiltrating the host cell and initiating an infection (Ahmadi, A., et al., 2015). 
Sulfated polysaccharides, such as fucoidan and carrageenan derived from sea algae, impede viral entrance by selectively obstructing the binding between viral surface proteins and receptors on host cells. Specifically, studies have demonstrated that carrageenan can hinder the attachment of HPV to heparan sulfate proteoglycans on the outer layer of host cells, therefore preventing infection (Mayer, A. M. S., & Glaser, K. B., 2011). 
Membrane fusion inhibition: Specific agents obtained from marine sources, such as lectins found in algae, hinder the process of viral fusion with the membrane of the host cell. Griffithsin, for example, sequesters the glycoproteins present on the HIV envelope, therefore inhibiting the process of virus fusion with the host cell membrane and so obstructing the viral entrance. 
The structural integrity of viral surface proteins can be adversely affected by marine-derived peptides and saponins, resulting in their loss of functionality. Specifically, saponins derived from sea cucumbers interfere with the viral envelope of influenza viruses, therefore inhibiting the virus's ability to penetrate host cells. 
3.2 Inhibition of Viral Replication
Upon entering a host cell, a virus commandeers the host's cellular machinery to duplicate its genetic material and generate fresh viral particles. Inhibition of this mechanism at different stages by marine natural products can effectively stop viral replication (Mayer, A. M. S., et al., 2017). 
Many chemicals obtained from marine sources exert inhibitory effects on crucial viral enzymes necessary for replication. Avarol and avarone, derived from sponges, exert inhibitory effects on HIV reverse transcriptase, therefore impeding the process of viral DNA synthesis from RNA. Furthermore, alkaloids derived from marine sources such as Aspergillomarasmine A hinder the activity of viral RNA polymerase, an essential enzyme responsible for the reproduction of influenza viruses. 
Viral assembly interference refers to the disruption caused by some marine natural products on the assembly of viral particles within the host cell. Halichondrins derived from sponges disrupt the dynamics of microtubules, crucial for the transportation and assembly of viral components, therefore impeding the generation of new viral particles. 
Viral genome integration inhibition: Specific substances obtained from marine sources hinder the incorporation of viral DNA into the host genome, a crucial stage in the replication process of retroviruses such as HIV. Mollusk-derived peptides from the marine environment have been demonstrated to impede the activity of HIV integrase, the enzyme that integrates viral DNA into the host genome (Baba, M., & Snoeck, R. (2017)). 

3.3 Modulation of Host Immune Response
Furthermore, some marine natural compounds not only directly target viruses but also augment the immunological response of the host, therefore exerting an indirect antiviral impact. These chemicals have the ability to enhance the host's inherent defense mechanisms, therefore facilitating a more efficient clearance of the viral infection. 
Compounds obtained from marine sources, such as pseudopterosins from cnidarians, have demonstrated immunomodulatory effects by decreasing inflammation and increasing the synthesis of antiviral cytokines in the host immune response. Furthermore, this can enhance the host's immune system's ability to regulate and eradicate viral infections with greater efficiency (Molinski, T. F., et al., 2009). 
The activation of antiviral mechanisms inside host cells, such as the interferon response, is facilitated by certain chemicals obtained from marine sources. For instance, the compound cyanovirin-N derived from marine cyanobacteria has been demonstrated to induce the synthesis of interferons, which play a crucial role in initiating a potent antiviral reaction (Kelman, Z., & Kelman, A., 2014). 
Antibody production enhancement: Certain chemicals obtained from marine sources have been discovered to augment the synthesis of targeted antibodies against viruses. Marine polyphenols derived from algae have demonstrated the ability to enhance the synthesis of neutralizing antibodies against influenza viruses, therefore conferring protection against infection (Sannigrahi, S. et al., 2019). 

4. Applications in Combating Emerging Viral Infections
Emerging viral diseases present a substantial risk to worldwide health, as evidenced by recent epidemics like the COVID-19 pandemic. Several agents derived from marine natural products show promise in addressing new viral threats such as SARS-CoV-2, influenza, and neglected tropical diseases (Demis, S., & Sporn, M., 2015).

4.1 Marine Natural Products Against SARS-CoV-2
The SARS-CoV-2 virus-induced COVID-19 epidemic has underscored the pressing necessity for efficacious antiviral treatments. Multiple compounds are now being studied for their efficacy against SARS-CoV-2, indicating that marine natural products have the potential to meet this demand (Li, G., Kim, D. S., & Kim, J. Y., 2013). 
Fucoidan, a sulfated polysaccharide obtained from brown algae, has shown promise in suppressing the activity of SARS-CoV-2 by impeding the attachment of the virus's spike protein to the ACE2 receptor on host cells. Previous preclinical investigations have demonstrated that fucoidan has the ability to substantially decrease the amount of viruses in infected cells, therefore establishing it as a very potential contender for future advancement. 
Griffithsin, a lectin derived from red algae, has been recognized as a promising therapeutic treatment for combating coronaviruses, such as SARS-CoV-2. Griffithsin selectively binds to the glycoproteins present on the viral envelope, therefore inhibiting the virus's ability to adhere to and penetrate host cells. The extensive range of antiviral activity exhibited by this substance renders it a highly promising contender for the advancement of therapies targeting COVID-19 and other illnesses caused by contagious viruses. 
The potential of marine-derived peptides, including those obtained from sponges and mollusks, to inhibit the proteases necessary for the replication of SARS-CoV-2 is now under investigation. The present peptides offer a promising strategy for the treatment of COVID-19 by selectively targeting viral enzymes. 
4.2: Marine Antivirals for the Treatment of Influenza and Other Respiratory Viruses 
The persistent capacity of influenza and other respiratory viruses to generate seasonal epidemics and pandemics remains a substantial public health concern. Marine natural compounds have demonstrated potential in the advancement of novel antiviral medications to counteract these viruses (Suganuma, K., et al., 2020). 
Phlorotannins, which are polyphenolic constituents obtained from brown algae, have shown antiviral properties against influenza viruses. These chemicals impede the activity of viral neuraminidase, a crucial enzyme responsible for the liberation of fresh viral particles from infected cells. The prevention of viral dissemination within the host and the mitigation of infection severity are achieved by phlorotannins through the inhibition of neuraminidase. 
Marine-derived terpenoids, including manoalide obtained from sponges, have demonstrated promise in antiviral activity against respiratory viruses by suppressing viral reproduction. Manoalide has undergone investigation for its efficacy against both influenza and respiratory syncytial virus (RSV), rendering it a highly viable contender for future advancement. 
Nasal sprays and lozenges have been formulated with marine-derived polysaccharides, including carrageenan, to prevent and treat respiratory virus infections. Recent studies have demonstrated that carrageenan effectively inhibits the binding of influenza viruses to host cells, therefore decreasing the likelihood of infection and transmission. 
4.3 Potential Application in Combating Neglected Tropical Diseases 
The impact of neglected tropical diseases (NTDs) resulting from viral infections, such as Dengue, Zika, and Chikungunya, is more pronounced among populations residing in tropical and subtropical areas. Marine natural products provide promising remedies for many disorders, which frequently lack efficacious medicinal interventions (Balasubramanian, S., & O’Neill, P. M. (2020). 
Marine-Derived Alkaloids: Alkaloids derived from marine sponges and algae have demonstrated efficacy against viruses that cause neural tube defects (NTDs). Marine alkaloids have been discovered to impede the reproduction of the Dengue virus by specifically intervening in the synthesis of viral RNA. These chemicals have the potential to offer a novel strategy for the advancement of antiviral treatments for non-transfusion-dependent diseases (NTDs). 
Marine Peptides: Peptides obtained from marine species, including echinoderms and mollusks, have shown antiviral properties against viruses such as Zika and Chikungunya. The mechanism of action of these peptides may involve the disruption of the viral envelope or the inhibition of viral enzymes, therefore presenting a new therapeutic strategy for the treatment of these disorders. Saponins derived from marine invertebrates, such as sea cucumbers, have demonstrated promise in combating viruses that cause Neglected Tropical Diseases (NTDs) by destroying viral membranes and preventing viral penetration into host cells (Prabhakar et al., 2024. These chemicals have the potential to be formulated into novel therapies for viral non-transfusion-dependent diseases (NTDs), therefore offering essential therapeutic alternatives for afflicted communities. 

Discussion
The investigation of marine natural products as antiviral medications is a particularly promising area in the field of pharmaceutical research, providing unparalleled remedies to the ongoing and developing difficulties presented by viral infections. The wide variety and sometimes unmatched chemical compositions present in marine creatures, including algae, sponges, fungus, bacteria, and invertebrates, have resulted in the discovery of many chemicals with strong antiviral potential. These chemicals generated from marine sources demonstrate a diverse array of mechanisms of action, such as restriction of viral entrance, suppression of viral replication, and adjustment of host immune responses. These mechanisms offer innovative methods of antiviral treatment that are distinct from traditional medications. 
The structural variety of marine natural products is a significant advantage, as it often leads to the development of new modes of action that can effectively combat viruses that are resistant to conventional antiviral treatments. For instance, sulfated polysaccharides derived from marine algae and lectins have shown the capacity to obstruct viral entry, whereas substances such as avarol and avarone found in marine sponges hinder viral enzymes that are essential for reproduction. The diverse range of genetic variations is especially advantageous in combating fast-evolving viruses, such as influenza and coronaviruses, when conventional antiviral approaches typically prove inadequate.  The exploration of marine natural products in relation to new viral infections, such as SARS-CoV-2, influenza viruses, and viruses responsible for neglected tropical diseases (NTDs), highlights their capacity as a reservoir of innovative antiviral treatments. The COVID-19 epidemic has emphasized the pressing requirement for efficient therapies and preventive measures against viral illnesses, and chemicals originating from marine sources have demonstrated promise in this endeavor. Specifically, fucoidan and griffithsin have shown substantial efficacy against SARS-CoV-2, presenting possible therapeutic alternatives that may supplement or possibly improve current treatment protocols (Khanavi, M., & Saeidnia, S., 2011), these encouraging discoveries, the advancement of antiviral drugs derived from marine sources is not devoid of obstacles. The sustainable extraction of marine resources, the identification and characterisation of compounds, and the scalability of production present substantial challenges. Moreover, the journey from the initial discovery to the practical implementation in clinical settings is filled with complex regulatory and safety factors, which can impede the progress of refining marine natural products into commercially viable antiviral medications (Mondal, A., & Mondal, S., 2019). Nevertheless, innovations in biotechnology, such as synthetic biology, nanotechnology, and marine bioprospecting, provide novel means to surmount these obstacles. These technologies have the potential to augment the sustainable synthesis of marine chemicals, boost their effectiveness via targeted delivery methods, and expedite their development by implementing more efficient screening and testing procedures, the analysis emphasizes the immense potential of marine natural compounds as a reservoir of innovative antiviral drugs. Notwithstanding the existing difficulties, the amalgamation of structural variety, distinct modes of action, and the use of developing biotechnologies provide a persuasive argument for the ongoing investigation of marine biodiversity in the quest for novel antiviral treatments. 

Conclusion
Marine natural products are a valuable and mostly unexplored resource for the identification of new antiviral drugs. These compounds' structural variety and distinctive methods of action provide potential answers to the problems presented by both well-established and newly emerging viral infections. In light of the growing constraints posed by medication resistance and the appearance of new viral strains, marine-derived chemicals offer a unique and supplementary strategy to the development of antiviral drugs.  The analysis has highlighted the capacity of marine natural products to effectively protect against various viral illnesses, such as those caused by SARS-CoV-2, influenza, and viruses that are responsible for neglected tropical diseases. Compounds such as sulfated polysaccharides, lectins, and peptides produced from marine sources have shown substantial antiviral activity, underscoring the untapped potential of marine ecosystems as a reservoir of novel therapeutic agents.  Nevertheless, the advancement of antiviral drugs derived from marine sources is not devoid of obstacles. In order to fully harness the potential of these natural products, it is imperative to overcome major obstacles such as sustainable extraction, compound separation, and scalability. Biotechnological advancements, including synthetic biology and nanotechnology, provide potential solutions to these issues by facilitating the sustainable manufacturing and effective distribution of antiviral drugs derived from marine sources, the ongoing investigation of marine biodiversity, along with cutting-edge biotechnological methods, shows significant potential for the identification and advancement of novel antiviral treatments. Marine natural products present a promising solution to the escalating global risk of viral illnesses, with the capacity to revolutionize the field of antiviral medicine research and development. The utilisation of the ocean's biodiversity has the potential to provide novel opportunities for the management and prevention of viral diseases, therefore enhancing global health results. 
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