


Oyster-Derived Antimicrobial Proteins: A Solution to Combat Superbugs

Abstract: The rising threat of antibiotic-resistant bacterial infections—commonly termed “superbugs”—necessitates the exploration of alternative therapeutic strategies. One promising approach lies in the utilization of antimicrobial proteins (AMPs) derived from oysters. These naturally occurring molecules, integral to the oyster’s innate immune system, exhibit potent antimicrobial activities through mechanisms such as membrane disruption, biofilm inhibition, and immunomodulation. Notably, proteins like big defensins (e.g., Cg-BigDef1 and Cg-BigDef5), histone-derived peptides, and other hemolymph proteins have demonstrated strong efficacy against multidrug-resistant (MDR) pathogens, including Streptococcus pneumoniae and S. pyogenes. Proteomic studies have identified several active constituents, such as cystatin B–like proteins and carbonic anhydrases, responsible for the bactericidal effects. Moreover, these proteins exhibit synergistic effects when combined with conventional antibiotics, thereby enhancing therapeutic outcomes and reducing resistance development. In addition to medical applications, oyster-derived AMPs show potential for use in agriculture and the food industry, particularly for biofilm control, food preservation, and reducing antibiotic reliance in livestock. Despite these advances, challenges such as peptide stability, large-scale production, and immunogenicity must be addressed before clinical implementation. This review highlights the current research, effectiveness, and potential applications of oyster antimicrobial proteins, proposing them as a promising frontier in combating superbug-related infections.
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Introduction
Antibiotic-resistant pathogenic bacteria becoming a greater threat, researchers hold a handful of hope in utilizing alternate means to suppress the spread of infectious diseases (Zhang et al., 2015). As with the insight that comes from understanding the properties of antimicrobial proteins found in oysters, the exploration of proteins from oysters may soon enough be a step to eradicate the so-called ‘superbugs’. Proteins are produced by oysters as a component of its immune system and exhibit activity against several microbial pathogens that are known for having potent effects (Paliwal et al., 2024). These proteins may allow for the unique means of exposure towards an oyster-derived protein against a certain bacterial or microbial strain; future research possibly indicating that resistance development may not have occurred due to a unique metabolic procedure. Testing the oyster-derived proteins may not only further stress the importance of continued research on the therapeutic potential of antimicrobial proteins but may also indicate a different course in combatting the threat antibiotic-resistant pathogenic bacteria pose.	Comment by Dr. Ghazwan: Change the pronoun	Comment by Dr. Ghazwan: Clarify sentence structure and meaning. 
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These proteins may provide a unique way to expose certain bacterial or microbial strains to oyster-derived proteins, with future research suggesting that resistance development might not occur due to a specific metabolic process.
Types of Antimicrobial Proteins in Oysters
The oyster antimicrobial proteins are several and diverse, allowing for a classification based on the structural folds and functional properties. The best-studied proteins belongs to cationic family of proteins big defensins, specially Cg-BigDef1 and Cg-BigDef5. These showed the broad-spectrum activity across diverse classes of bacteria. Their unique folding characteristics have been linked to functional specificity (De San Nicolas et al., 2022). While oyster peptides also includes short sequences of amino acids identified with quantifiable antimicrobial, antioxidant and anti-inflammatory qualities, extending the range of oyster defense molecules (Hao et al., 2022). Proteins are mainly classified on the basis of primary sequence and they also should be reported with secondary structure characterization, which helps in the identification of the corresponding sequences evolution and help predicted functional motifs, the later showed to be responsible for the inhibition of different presentation of pathogens. For example, the functional uniqueness amongst defensin isoforms can be altered through structural characteristics such as alteration and pattern of surface hydrophobicity and aggregation caused by variation in the linker region (Dasodiya, 2024).	Comment by Dr. Ghazwan: Use a different part of speech	Comment by Dr. Ghazwan: Add the article	Comment by Dr. Ghazwan: Called 	Comment by Dr. Ghazwan: Use a different part of speech.  specifically
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Additionally, oyster-derived antimicrobial proteins are primarily controlled through their innate immune systems and environmental and pathological stimuli. Upon microbial attack, immune signaling pathways in oysters are triggered, resulting in the rapid upregulation of specific peptide antimicrobial proteins in oyster plasma (Wang et al., 2014). A peptidomic survey of the oyster Crassostrea hongkongensis demonstrated the upregulation of 35 specific peptides after infection; these molecules have a higher net positive charge, which supports membrane interactions when binding to various microbes (Mao et al., 2021). In this context, there is a combination of gene expression changes and post-translational modifications that results in the formation of such structure-active defense molecules, thereby allowing oysters to recognize multiple bacteria and fungi with high efficiency. The rapid generation of host defense proteins in oysters indicates not only their ability to explore microbiome-dominated aquatic niches but also the apparent biological complexity in adaptive immune defense mechanisms (Mao et al., 2021). The classification of oyster-derived antimicrobial proteins highlights several structurally and functionally distinct families, including Cg-BigDef1 and Cg-BigDef5, which show broad-spectrum activity and synergistic antimicrobial effects due to their structural diversification (De San Nicolas et al., 2022). In addition, other proteins such as histone-derived peptides from Pinctada fucata martensii (Shen et al., 2023), and bioactive proteins like carbonic anhydrase, cofilin, cystatin B–like, and gelsolin-like proteins identified from Saccostrea glomerata hemolymph have demonstrated potent activity against drug-resistant pathogens (Summer et al., 2024). These proteins are summarized in Table 1.	Comment by Dr. Ghazwan: Remove the comma
Table 1: Key Antimicrobial Proteins from Oysters and Their Functional Properties
	Protein/Peptide Name
	Source Species
	Functional Activity
	Structural Feature
	Target Pathogen Type

	Cg-BigDef1
	Crassostrea gigas
	Broad-spectrum antimicrobial
	Cationic, amphipathic fold
	Gram-positive & Gram-negative bacteria

	Cg-BigDef5
	Crassostrea gigas
	Antibacterial synergy, structural variation
	Diverse surface hydrophobicity patterns
	Resistant bacterial strains

	Histone-Derived Peptides (HDAPs)
	Pinctada fucata martensii
	Membrane disruption, pore formation
	Derived from histone H2A regions
	MDR Gram-positive bacteria

	Cystatin B–like proteins
	Saccostrea glomerata
	Protease inhibition, bacterial growth arrest
	Globular, high charge
	S. pneumoniae, S. pyogenes

	Carbonic Anhydrase
	Saccostrea glomerata
	Disrupts bacterial respiration
	Enzyme-based protein
	MDR respiratory pathogens

	Cofilin & Gelsolin-like
	Saccostrea glomerata
	Biofilm inhibition, cytoskeletal interaction
	Actin-binding domains
	Biofilm-forming pathogens



Mechanisms of Action
Oyster-derived proteins and peptides, in particular, their antibacterial proteins disrupt superbugs through several critical mechanisms that affect multiple sites in bacterial structure and function. The majority of these antimicrobial proteins, such as histone-derived antimicrobial peptides (HDAPs), bind to host negatively charged microbial membranes causing physical disruption and loss of membrane integrity (Shen et al., 2023). The subsequent effects of pore and non-pore formation on the membrane often leads to cytoplasmic leakage and loss of these pathogenic organisms’ virulence by compromising key cellular processes. Additionally, a number of the immune-responsive proteins from oysters were found to modulate clear host immune responses following their direct antibacterial actions, thereby increasing the efficiency of microbial clearance through innate immune stimulation (Kang et al., 2019). Due to their ability to disrupt bacterial membranes and modulate immune responses, oyster-derived proteins have been proposed to not only kill bacterial cells but also act on diverse, redundant mechanisms to reduce the potential risk of developing resistant variants.	Comment by Dr. Ghazwan: Remove the comma	Comment by Dr. Ghazwan: Add a comma	Comment by Dr. Ghazwan: Subject placement/ Passive voice/ Wordy phrasing.	Comment by Dr. Ghazwan: Add a comma
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Further, the peculiarity of the action of antimicrobial proteins from oyster is accompanied by their direct interaction with the microbial cell wall and membranes, causing destabilization of the latter. These proteins have a high affinity for the negatively charged structural elements of the bacterial envelope (phospholipids, peptidoglycan layers), which allows them to penetrate the membranes and form pores (or channels). The permeabilization reaction leads to the dissipation of the proton motive force, uncontrolled flow of ions into the cells, and, ultimately, cell lysis of the determinants. For bacteria associated with oyster-biofilms, for the members of Planctomycetota, in particular, targeting resistant strains by the proteins is critically important, since the representatives of this taxon often contain the determinants of multidrug resistance, which makes them more difficult to eliminate by standard drugs (Guedes et al., 2023). Exceeding the pressure on resistant strains and destroying the structural barriers of the cell, the proteins from oysters are a good alternative for the destruction of unreactive superbugs that are not amenable to standard treatment.	Comment by Dr. Ghazwan: Remove the hyphen
Noted for their rapid adaptation to antimicrobial pressure, superbugs raise alarms regarding the risk of emerging resistance toward proteins from oyster as well. Some bacteria will develop novel resistance mechanisms such as alteration in membrane charge or membrane protein composition that would affect the binding and activity of proteins, such as the big defensins. However defensins characterized by sequencing diversification, such as the structural diversity between Cg-BigDef1 and Cg-BigDef5 could mitigagethe risks of resistance due to their wider and more synergistic antimicrobial action, making it difficult for pathogens to simultaneouslyadapt to the several possible variants (De San Nicolas et al., 2022). However, it is not excluded that some strains presenting odd cell envelope structure or regulatory mutations could become partially tolerant to the action of proteins, inducing partial selective pressure against rare but stable resistant populations. In this respect, a careful assessment of the current interaction between oyster defensins and their microbial targets could help to predict the risks of developments of resistance and to implement plans to ensure long-lasting antimicrobial actions (De San Nicolas et al., 2022). 	Comment by Dr. Ghazwan: Overused expressions	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Add Punctuation	Comment by Dr. Ghazwan: Add Punctuation	Comment by Dr. Ghazwan: Add a comma	Comment by Dr. Ghazwan: Add Punctuation	Comment by Dr. Ghazwan: Correct the spelling error	Comment by Dr. Ghazwan: Add the article	Comment by Dr. Ghazwan: simultaneously adapt
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Effectiveness Against Superbugs
Importantly, the data of recent studies provide evidence on the ability of oyster antimicrobial proteins (AMPs) to directly act on strains of pathogens resistant to commonly antibiotics. For example, the  hemolymph protein extracts of Saccostrea glomerata exhibited strong antibacterial and biofilm-inhibitory effects against laboratory and clinical hospital strains of Streptococcus pneumoniae and Streptococcus pyogenes, including multi-drug-resistant strains (Summer et al., 2025). The presence of oyster AMPs not only inhibited bacterial growth but also increased the activity of known antibiotics, including ampicillin and ciprofloxacin in vitro using a synergistic approach (Summer et al., 2025). In addition, the results of proteomic studies of the bioactive fractions showed carbonic anhydrases, cofilin, cystatin B-like proteins, and others acting on pneumococcus strains and provide mechanisms of antimicrobial effect on resistant strains that are difficult to treat (Summer et al., 2024). Clearly, the experimental results support considerations based on the relevant protection of AMPs action against superbugs regarding potential inclusion of oyster proteins into innovative strategies for the treatment of resistant infections.	Comment by Dr. Ghazwan: Use a different part of speech	Comment by Dr. Ghazwan: Change the spacing	Comment by Dr. Ghazwan: Change the verb tense	Comment by Dr. Ghazwan: Add the article
As an example, extraction of hemolymph from Australian oyster (Saccostrea glomerata) was recently explored. Isolation and profiling of sixteen fractions revealed Fraction 7 to be the most bactericidal against multidrug resistant (MDR) Streptococcus pneumoniae. The protein-laden Fraction 7 inhibited growth of planktonic bacteria and disrupted biofilm establishment of resilient pneumococci – an evasive strategy employed by these strains of increasing concern (Summer et al., 2024). Proteomic profiling of Fraction 7 showed higher abundance of carbonic anhydrase, cofilin, cystatin B–like and gelsolins-like proteins, which may be associated with their antibacterial properties. In reference to these experimental findings, clinical trials and traditional use data suggest the extract of oyster from which antimicrobial proteins may be used as practical alternatives to develop new strategies against superbugs (Summer et al., 2024). The comparison between oyster-derived antimicrobial proteins and traditional antibiotics reveals significant advantages of the former, particularly in targeting multidrug-resistant (MDR) bacteria and biofilms. For example, while traditional antibiotics such as penicillins often fail to disrupt biofilms or avoid resistance mechanisms, oyster AMPs exhibit broad-spectrum activity, low resistance potential, and immunomodulatory effects (Summer et al., 2024; Summer et al., 2025; Kang et al., 2019). These comparative aspects are summarized in Table 2.	Comment by Dr. Ghazwan: Passive voice	Comment by Dr. Ghazwan: Article	Comment by Dr. Ghazwan: Add a comma	Comment by Dr. Ghazwan: gelsolin-like
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Table 2: Comparison of Oyster AMPs vs Traditional Antibiotics Against Superbugs
	Feature
	Oyster-Derived Antimicrobial Proteins
	Traditional Antibiotics (e.g., Penicillins)

	Mechanism of Action
	Membrane disruption, biofilm inhibition
	Inhibition of cell wall/protein synthesis

	Resistance Development Rate
	Low (multi-target mechanisms)
	High (target-site mutation common)

	Activity Against MDR Strains
	Effective (e.g., S. pneumoniae)
	Often ineffective

	Biofilm Disruption
	Yes (confirmed via Fraction 7 studies)
	Rarely effective

	Immunomodulatory Effects
	Present (stimulate host innate immunity)
	Absent or minimal

	Cytotoxicity to Human Cells
	Low (e.g., human lung cells)
	Varies depending on dose and drug type

	Synergy with Antibiotics
	Yes (enhanced efficacy with ampicillin)
	Depends on antibiotic combination

	Stability in Harsh Conditions
	Moderate–High (some tolerate pollution)
	Often unstable in extreme environments



Contrary to this, oyster proteins exerted differential antibacterial action compared to standard antibiotics particularly against multi-drug resistant bacterial infections. While classic antibiotics like penicillins or macrolides exert their action mainly through targeting vital bacterial mechanisms (e.g., cell wall production, translation), the bacterial membranes were rapidly disrupted and biofilm formation reduced through the working of the hemolymph fractions from oysters which were likely not to be met by a similar resistant mechanism. Interestingly, semi-purified protein fractions from Saccostrea glomerata were entirely bactericidal against otherwise unreceptive Streptococcus pneumoniae strains to classical antibacterial drugs, suggesting a differential action potential especially in resistant strains in the clinic (Summer et al., 2024). Additionally, the proteins exhibited optimal action even in vitro environments where standard antibiotic action was repeatedly lost owing to protective biofilms, a widely-recognized defense against antibiotic action (Summer et al., 2024). These unique mechanisms of action suggest the oyster antimicrobial proteins as potential molecules in therapeutics especially in resistant or hard-to-treat clinical conditions.	Comment by Dr. Ghazwan: Add a comma	Comment by Dr. Ghazwan: Add the hyphen	Comment by Dr. Ghazwan: Add Punctuation	Comment by Dr. Ghazwan: Add a comma	Comment by Dr. Ghazwan: Remove the hyphen	Comment by Dr. Ghazwan: Add a comma
Potential Applications in Medicine
In its potential medical use, the broad spectrum of antimicrobial proteins from oysters can provide a number of promising avenues to create novel clinical interventions against resistant infections. Clinical investigation found that the addition of oyster proteins along with standard antibiotics can positively influence the recovery of infected patients and help control both planktonic and biofilm forms of microorganisms, which will prevent their survival and further recurrence of infections (Summer et al., 2025). Oyster proteins are shown to kill resistant pathogens that are generally hard to eradicate, for example, Streptococcus pneumoniae, and cause low cytotoxicity against human lung cells determined in vitro (Summer et al., 2025). Given the novel antibiotic targets revealed for oyster proteins, they can also potentially be taken into account when designing the next-generation therapeutics that will bypass common antibiotics-related restrictions. As the pharmacological details of oyster proteins and their formulations are elucidated in further research, the proteins will likely gain importance as part of superbug and superinfection-related clinical interventions (Zermeño-Cervantes et al., 2020).	Comment by Dr. Ghazwan: Use a different part of speech	Comment by Dr. Ghazwan: Add hyphen
Moreover, the use of intrinsic antimicrobial proteins from oysters into existing therapeutics provides a potential step forward in improving the activity and range of already established medical treatments. The use of oyster-derived proteins could strengthen the action of antibiotics and other antimicrobials encountered in the clinic, helping resolve infections particularly those caused by patients with refractory, persistent, or biofilm-forming bacteria. Available literature shows that tissue extracts of oyster species, such as Magallana bilineata, are able to exert wide spectrum antimicrobial activity even in extreme habitats, suggesting high potential for reproducible action in clinical formulations (Chan et al., 2021). The ability of the proteins to tolerate and function under variable external conditions, demonstrated through activity in contaminated habitats, suggests that they will preserve bioactivity when included in pharmaceuticals or topical preparations (Chan et al., 2021). The potential collaborative action of the protein and currently employed antibiotics, biocides and antimicrobials warrant further exploration through preclinical studies to determine effective dosing, possible synergies or antagonistic actions with other drugs, and the extent of incorporation of oyster-derived proteins into current treatment regimens without compromising patient safety.	Comment by Dr. Ghazwan: Fix the preposition. in	Comment by Dr. Ghazwan: Add Punctuation	Comment by Dr. Ghazwan: Italic	Comment by Dr. Ghazwan: -	Comment by Dr. Ghazwan: Add a comma	Comment by Dr. Ghazwan: Maintain the agreement
With these benefits, there are challenges in the use of antimicrobial proteins from oysters in treating human diseases. One relevant challenge would be the complex regulation of proteins when extracted from their natural habitat or biological system. Based on the present understanding, certain molecular pathways (e.g, CgSTING) operate to stimulate immune response and protein expression (Li et al., 2022). Any aberration from the target pathways, such as impairment of CgSTING, may lead to a decrease in antimicrobial peptides and different responses to microorganisms (Li et al., 2022). These factors may contribute to variables affecting the amount formed and the activity of proteins when extracted from oysters. Furthermore, using proteins from organisms that are distantly related to humans may introduce immunogenicity or other unpredicted inflammatory responses. This entails potential challenges in understanding the effects of the proteins on humans and the predictable responses due to their evolution as a distinct species. Therefore, serious biotechnological interventions are needed to overcome these factors before oyster antimicrobial proteins can enter clinical practice. Among the aspects that need to be focused on are a consistent amount of protein with minimal adverse outcomes, and confirmed activity, robustness, and reproducibility during the production of the proteins on a large-scale level for the treatment of diseases.	Comment by Dr. Ghazwan: Add a period	Comment by Dr. Ghazwan: Remove the comma
Aside from their antibacterial properties, antimicrobial peptides from oysters could have possible uses in agriculture and food systems. During crop and livestock production, these antimicrobial proteins can be used as a natural preservative or bio-control agent to manage bacterial disease outbreaks, reduce antibiotic use (in livestock) and limit the dissemination of antibiotic resistance genes. Their demonstrated ability to prevent the growth of bacteria corroborates their application in securing harvest during post-harvest handling and in ensuring longevity and freshness of perishable goods (Shen et al., 2023). Histone-derived peptides from Pinctada fucata martensii were shown to suppress bacterial growth, (s965261) which makes them ideal candidates to be developed for this application. Antimicrobial peptides from oysters introduced in food processing settings may also improve food safety standards as they can be used to address pathogenic contamination in processing equipment, lines or even packaging. As there is a growing demand for often-required safe but effective antimicrobial agents along food supply chains, further characterization and application of oyster-derived peptides may yield promising alternatives for safe management of contamination and biosecurity in non-medical applications.	Comment by Dr. Ghazwan: Add a comma	Comment by Dr. Ghazwan: Italic.	Comment by Dr. Ghazwan: ,	Comment by Dr. Ghazwan: 	Comment by Dr. Ghazwan: 	Comment by Dr. Ghazwan: Add Punctuation	Comment by Dr. Ghazwan: Add a comma
In the same line, antimicrobial proteins from oyster can also be a novel source to develop new food safety and preservation methods by combating spoilage microorganisms as well as pathogenic bacteria during the entire food industry processes. These proteins and derived peptides can have applications in food processing or food packaging materials to ensure food safety, extending product shelf life, and reducing foodborne illnesses, whilst decreasing the use of synthetic additives or industrial chemical preservatives. Based on the available literature on antimicrobial oyster shell and oyster tissues extracts, the compounds exhibit significant antimicrobial and antioxidant activities allowing inhibition of both microbial growth and oxidative damages in food systems (Ulagesan et al., 2022). The vast biological functions and activities of these oyster tissue proteins such as antibacterial, antihypertensive, and antioxidant properties designate them to be practically applied as safe ingredients with multiple functional properties in functional foods and ready-to-eat products (Ulagesan et al., 2022). Accordingly, the use of these oyster tissue proteins in the food industry not only ensures food safety but also enhances cleaner labeling of food products to comply with the rising consumer trends toward natural and sustainable food sources.	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Change the verb tense	Comment by Dr. Ghazwan: Change the verb tense	Comment by Dr. Ghazwan: Fix the preposition	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Add Punctuation	Comment by Dr. Ghazwan: Add Punctuation	Comment by Dr. Ghazwan: Add Punctuation
Further, the use of antimicrobial proteins from oyster source in the agriculture sector is beneficial to crops for controlling bacterial infection. They can serve as natural bio-control agents in reducing the number and severity of bacterial diseases that affect crop yield and nutritional value. The antimicrobial and antioxidant properties posited by oyster peptides could help further reduce the use of synthetic pesticide and herbicides, thus providing a safer and less-adverse alternative to soil pollution (Hao et al., 2022). Their effectiveness would depend on their possible mechanism of action that selectively target bacterial pathogens, while having little or no adverse effect on beneficial soil microorganisms, ideally. Studies should focus on further improving the production and purification techniques of antimicrobial peptides to achieve stability and function for use in the field or exposure in agricultural environments (Hao et al., 2022).	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Use a different part of speech	Comment by Dr. Ghazwan: Remove the comma
Existing Studies and Data
Although the role of specific oyster proteins in antimicrobial activities is at the early stage of study, a number of investigations have been carried out on available data in the databases, being recognized the increasing attention on antimicrobial proteins from oyster with an approach on superbugs. Thus, Australian oyster protein semi-purified hemolymph proteins investigations showed substantial evidence of inhibition of multi-drug resistant Streptococcus pneumonia with some protein fractions reducing bacterial density and biofilms which protect bacteria from classic antibiotics (Summer et al., 2024). The screenings of these semi-purified fractions by proteomic techniques revealed a range of impact functional proteins such as carbonic anhydrase, cofilin, cystatin B–like and gelsolin-like proteins that was considered the basis of this activity and supported the use hemolymph of oysters in ‘drugs’ from the traditional medicine (Summer et al., 2024). Integrating reviews on oyster bioactive proteins and peptides from different oysters’ soft tissues proposed a number of antimicrobial and antioxidant proven activities and revealing cells with potential mechanisms making oysters a useful premiss for medical and industrial purposes (Ulagesan et al., 2022). The available results were summarized in suggests showing both the array of biological effects of oyster proteins and progress in applications against superbugs but also indicating directions for further improvement for understanding mechanisms and developing delivery protocols.	Comment by Dr. Ghazwan: recognizing	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: -	Comment by Dr. Ghazwan: Italic	Comment by Dr. Ghazwan: ,	Comment by Dr. Ghazwan: ,	Comment by Dr. Ghazwan: ,	Comment by Dr. Ghazwan: ,	Comment by Dr. Ghazwan: Fix the preposition	Comment by Dr. Ghazwan: Change the verb tense	Comment by Dr. Ghazwan: Add Punctuation	Comment by Dr. Ghazwan: Correct the spelling error	Comment by Dr. Ghazwan: suggestions
Moreover, in the last decades another study proposed very promising potential to oyster - through its antimicrobial proteins, their very correlation with the resistant superbugs now a days was being emerged through a study where semi-purified hemolymph obtained from Saccostrea glomerata was able to separate out 16 protein fractions and further identified most active ones to be Fraction 7 which can exhibited significant bactericidal activity and also prevented biofilm formation in multi-drug-resistant Streptococcus pneumonia (Summer et al., 2024). Mechanism of such findings led researchers to simple identification of biological reason (carbonic anhydrase, cofilin, cystatin B–like, gelsolin-like protein) as the major proportion of hemolymph fraction evident now to have antibacterial potential hence providing evidence to support works done through experimentations. Experimental methodologies along with proteomics attach name serves as basis for evidence supported to such traditional use of oysters served in impotent infectious disease acknowledgement, further providing a wider prospective dimension to explore novel candidates through their rational standard identification. Recent literature trend is continuously contributing towards the expansion of previous available knowledge from the perspectives of mechanism understanding to probable leads developments to hot challenges dealing in endemic resistant pathogens (Summer et al., 2024).	Comment by Dr. Ghazwan: nowadays
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Despite this, the potential evidences from today’s research related to antimicrobial proteins and peptides from oyster still remains to have significant limitations prior to its clinical or bio-industrial application. This is mainly due to the fact that the majority of the current investigations primarily employed in vitro approaches. While this technique serves as a useful screening method, it cannot entirely establish definitive clinical relevance due to many factors including the inability to predict in vivo interaction or the possible response of the host after exposure of therapeutic agents (Summer et al., 2024). Also, isolation and characterization activities should be carried out in order to determine the diversity of molecular constituents found in oyster hemolymph and identify which specific entities are credited for the antibacterial activity. Along with this, pharmacokinetic and in vivo toxicity tests still has no substantial data available, which remains to be an evident implication for further research to obtain safety and therapeutic efficacy enduring preclinical trials. These limitations must be overcome prior to the transition towards in vivo testing, mechanism of action elucidation and clinical trials to provide solid evidences for further applications whether in medical or bio-industrial avenues (Summer et al., 2024).	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Add Punctuation	Comment by Dr. Ghazwan: to	Comment by Dr. Ghazwan: Correct the subject-verb agreement	Comment by Dr. Ghazwan: efficacy through	Comment by Dr. Ghazwan: Add a comma	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Add a comma
Challenges and Future Directions
Nonetheless, the progress in the effort for enhancing the promise of antimicrobial proteins derived from oyster is hindered by technical and translational issues that are yet to be solved. Of note, one of the main challenges lies in the tedious and demanding process of isolation and structural characterization of antimicrobial peptides, due to the presence of diverse molecular structure between different tissues of oyster (Shen et al., 2023). Moreover, the stability and effective delivery of these proteins as antimicrobial agents remains a challenge for their applications in medical and agricultural settings, owing to the fact that proteins will be easily denatured in physiological or environmental setting (Zermeño-Cervantes et al., 2020). Moving forward, it is expected that robust synthetic biology and bioengineering approaches are developed to solidify the production of peptides, along with reliable delivery system to effectively protect their activity in a wide range of applications. The additional works in genome-editing technologies and transgenic approaches may also improve their yield and stability to bridge the gap between research discoveries and therapeutic or industrial applications in the field. 	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: Use a different part of speech	Comment by Dr. Ghazwan: Maintain the agreement	Comment by Dr. Ghazwan: will be	Comment by Dr. Ghazwan: Maintain the agreement
Furthermore, the transition of oyster antimicrobial proteins to clinical usage will necessitate particular attention to their regulatory and ethical aspects. Regulation of the safety and efficacy of bioproducts necessitates characterizing and standardizing the bioactivity of these compounds, government recognition of their safety based on risk assessment analysis, and consideration of safety assessments in vitro and in vivo. Ethical considerations include concerns about sourcing oyster tissue, transparency in research results, and the risk of potentially harmful effects on human health and the environment. Even though studies suggest promising preclinical results, such as a lack of cytotoxicity of URP20 peptides in mammalian cells, the regulatory authorities require substantial data on their safety and environmental safety for therapeutic purposes, such as medicated foods (Mao et al., 2021). Details on the regulatory status of oyster proteins and their ethical use will help in public understanding and safety as these move from the laboratory to therapeutic or commercial application.
Future perspectives: In order to overcome the aforementioned hurdles, innovative multilevel strategies need to be implemented to enhance the reproducibility and scalability of the antimicrobial proteins isolated from oyster shells at both the preparation and characterization levels. Enhanced downstream process design can be achieved by optimizing extraction and purification methods and the integration of advanced techniques and materials that allows the obtaining of higher yields and improved functional stability (e.g. novel chromatography methods, membrane separation, etc.) of the bioactive peptides’ for their further development as therapeutics, vaccines and/or industrial applications and formulations (Hao et al., 2022). Implementation of aminoacids sequencing and secondary structure analysis as key supplementary bulk data structural characterization should allow precise identification and validation of the most active components from the oyster shell. In addition, high-throughput screening techniques combined with properly designed in vivo models should allow for rapid analysis of the bioactive peptides’ antimicrobial pharmacokinetics, toxicity and efficacy to guarantee their fast transference and marketability from laboratory scale to practice. These forward-looking strategies, together with a stronger interdisciplinary collaboration among academia and industry and a proactive regulatory framework, can contribute to overcome the aforementioned limitations and challenges, effectively predisposing the antimicrobial proteins from oyster shell towards their future deployment as safe and effective alternative and/or complementary antimicrobial peptides (Hao et al., 2022).	Comment by Dr. Ghazwan: Use a different part of speech	Comment by Dr. Ghazwan: .,	Comment by Dr. Ghazwan: 
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Prospective research pathways on antimicrobial protein from oysters can include novel strategies to produce bioactive peptides and meticulous molecular identification. Future work can concentrate on optimizing the hydrolysis situations to achieve higher output of bioactive peptides, with and without antimicrobial activity. Particular attention will be paid to the determination of the amino acid pattern and the secondary construction of oyster proteins and bioactive peptides in correlation to the activity and specific aiming of the promotion for targeted pathogens (Hao et al., 2022). Furthermore, collaborations between material science and bioengineering disciplines can lead to the assembly of more sophisticated delivery systems and improved stability in various conditions. The combination of these approaches with efficient purification, screening, and characterizing protocols can expand the prospected scope of implementation for oyster proteins in the future research, thus stimulating more reliable and efficient product formation desirably in the medical, agricultural, and food industries (Hao et al., 2022).	Comment by Dr. Ghazwan: 
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Conclusion
In conclusion, extracts from oysters assist in discovering antimicrobial proteins which minimize the reproduction of superbugs resistant to standard treatments. Combining a wide spectrum of activity and membrane-targeting processes, the antimicrobial proteins breach the protective appearances in bacteria and prevent the forming of biofilm; subsequently, it could address challenges from multidrug resistant pathogens. Therefore, this paper described that antimicrobial proteins proved to be effective in many applications; whether in medical or non-medical learning proved to target potential areas for safety food production and agricultural development. Further development will be important concerning innovations in production, characterization and application approaches. As per the limitations presented in development approaches for proteins isolates derived from oysters bay, innovative strategies will be needed to enhance the treatments.	Comment by Dr. Ghazwan: Add a comma	Comment by Dr. Ghazwan: Change the pronoun	Comment by Dr. Ghazwan: learning, they proved	Comment by Dr. Ghazwan: Use a different part of speech	Comment by Dr. Ghazwan: Add a comma	Comment by Dr. Ghazwan: Maintain the agreement
Eventually, effective implementation of these strategies will play an important role in managing bioactive agents from oysters as one of the innovative solutions in the efforts controlling drug-resistant infection proliferation together with improving health outcomes globally.	Comment by Dr. Ghazwan: to control
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