Overview of Biomaterials-Derived Chitosan for Regenerative Medicine

Abstract
Chitosan, a naturally derived polysaccharide obtained through the deacetylation of chitin, has emerged as a versatile biomaterial for regenerative medicine due to its biocompatibility, biodegradability, and intrinsic bioactivity. Its structural resemblance to glycosaminoglycans supports cell adhesion, proliferation, and differentiation, enabling applications in bone, cartilage, skin, and soft-tissue repair. The physicochemical properties of chitosan vary significantly based on biological source and extraction route. Marine-derived chitosan particularly from crab and shrimp shells typically exhibits high molecular weight (500–1000 kDa), elevated degrees of deacetylation (~70–85%), crystallinity indices of 55–75%, and extraction yields ranging between 60–75%. In contrast, fungal-based chitosan offers lower molecular weight (50–300 kDa), reduced crystallinity (35–45%), yet superior purity and minimal allergenicity, with yields generally between 50–70%. Insect-derived chitosan (100–400 kDa, DD 65–75%) is gaining prominence as an eco-sustainable alternative with moderate biodegradation rates suited for dermal and wound-healing applications. This review provides a comparative assessment of chitosan extraction methods from conventional acid-alkali deproteinisation to enzymatic and fermentation-assisted bioprocessing while outlining performance differences across biological origins. Key challenges, including heavy-metal accumulation, seasonal variability in crustaceans, and pigment/lipid removal in insect sources, are discussed. The paper further highlights emerging innovations in green extraction systems and fungal bioproduction that may enable scalable, medical-grade chitosan. Overall, this review underscores the need for optimized extraction, property tailoring, and functional modification to enhance chitosan’s therapeutic efficiency in regenerative medicine.
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1. Introduction

Chitosan, a linear polysaccharide composed of β-(1→4)-linked D-glucosamine and N-acetyl-D-glucosamine (Figure 1), is one of the most extensively researched biomaterials in Regenerative Medicine (RM) due to its structural versatility and favourable biological characteristics (Aranaz et al.,2021; Synowiecki & Al-Khateeb, 2003; Younes & Rinaudo, 2015). The increasing scientific interest in chitosan is attributed to its multifunctional behaviour, including antimicrobial activity, wound-healing enhancement, and its efficiency as a scaffold material in Tissue Regeneration Engineering (TRE) (Benhabiles et al.,2012; Sharifianjazi et al.,2022). RM practices aim to repair, restore, or replace damaged tissues and organs through the use of biomaterial scaffolds, cells and signalling molecules, and chitosan aligns well with these goals due to its biocompatibility and biodegradability (Ressler, 2022; Piszko et al.,2024). Owing to its intrinsic physicochemical and biological properties, chitosan can be engineered into scaffolds, hydrogels and membrane structures that mimic the natural extracellular matrix (ECM), making it ideal for applications in bone, cartilage and soft tissue regeneration (Ganesh et al.,2023; Gritsch et al.,2019; Jiang et al.,2009).
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Figure 1: Linear polysaccharide structure of chitosan (Aranaz et al.,2021)
Marine crustaceans such as crabs, shrimp, lobsters, and crayfish remain the primary commercial sources of chitosan because of their high chitin yield; however, sustainability challenges and allergenic risks have encouraged exploration of microbial sources such as fungi and insects (Kaya, Baublys & Sargin, 2016; Hahn, Zhao & Kim, 2022). The origin of extracted chitosan significantly affects physicochemical characteristics including molecular weight, degree of deacetylation, crystallinity, viscosity, degradation profile and resulting biological activity (Levengood & Zhang, 2014). Furthermore, performance in tissue regeneration can be improved through surface chemistry modification, polymer blending, ionic cross-linking and the incorporation of bioactive nanoparticles to increase solubility, mechanical integrity and osteoconductive behaviour (Levengood & Zhang, 2014)
2. Sources and Extraction of Chitosan

Chitosan is produced through the deacetylation of chitin obtained from the exoskeletons of arthropods and from fungal cell walls. Variations in raw source material significantly affect molecular weight, crystallinity and degree of deacetylation, which in turn determine solubility, biocompatibility and regenerative efficiency of chitosan-based biomaterials (Rinaudo, 2022). Industrial extraction is largely dependent on marine crustaceans, however, sustainability and allergenic concerns have shifted interest toward insect- and fungi-derived alternatives (Abdou et al.,2020; Aranaz et al.,2021).
2.1 Crab Shells
Crab shells are a major commercial chitin source for chitosan extraction, with species like Portunus pelagicus and Callinectes sapidus containing about 20–30% chitin within mineral and protein matrices (Zeng et al 2023). Production typically involves HCl demineralization, NaOH deproteinization and alkaline deacetylation (Hassan et al 2022). Crab shell-derived chitosan, as shown in Figure 2, commonly reaches 70–90% deacetylation with good strength and crystallinity (Tang et al 2021), although marine sources may carry heavy metals (Hossain et al.,2022).
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Figure 2: Typical Crab shell
Studies have improved crab shell chitosan extraction through eco-friendly approaches like enzymatic hydrolysis and microwave-assisted deacetylation (Arbia et al.,2013; Percot et al.,2003). Enzymatic processes replace strong chemicals with proteases and chitinases, offering better control and sustainability (Synowiecki & Al-Khateeb, 2003; Abdel-Moneim et al.,2024). These methods maintain polymer structure, improving bioactivity (Abdou et al.,2008) and producing purer, more reproducible chitosan suitable for biomedical use (Aranaz et al.,2021).
Table 1: Chemical Extraction Methods of Chitosan from Crab Shells (Li et al.,2024).
	Extraction Method
	Key Steps & Conditions
	Reported Yield (%)
	Reference

	Chemical demineralization with HCl (1 N), deproteinization with NaOH (3%), deacetylation at 100 °C for 3 h
	Traditional chemical method; effective for large-scale extraction
	65–75
	(Abdel, Fathy, & El-eneen, 2025)

	Two-step alkali deproteinization (5% NaOH) followed by deacetylation at 120 °C for 4 h
	Produces high molecular weight chitosan with good purity
	78
	(Abdel-Moneim & coauthors, 2024)

	Acid-alkali treatment with optimized 1.5 N HCl and 4 N NaOH; 90 °C deacetylation
	Enhanced yield with moderate viscosity
	82
	(Abdou, Nagy, & Elsabee, 2008)



Table 2: Biological Extraction Methods of Chitosan from Crab Shells (Li et al.,2024).
	Extraction Method
	Key Steps & Conditions
	Reported Yield (%)
	Reference

	Enzymatic deproteinization using Bacillus subtilis protease
	37 °C, 48 h; mild conditions preserve polymer structure
	60
	(Arbia, Nadjemi, & Ghribi, 2013)

	Fermentation with Lactobacillus plantarum + mild alkaline deacetylation
	Simultaneous demineralization and deproteinization
	68
	(Aranaz et al.,2021)

	Sequential fermentation–enzymatic (lactic acid bacteria + chitinase)
	Eco-friendly; improved purity
	73
	(Aranaz et al.,2009)









Table 3: Green/Sustainable Extraction Approaches of Chitosan from Crab Shells (Li et al.,2024).
	Extraction Method
	Key Steps & Conditions
	Reported Yield (%)
	Reference

	Ionic liquid ([Bmim]Cl)
	90 °C, 3 h; mild reaction
	70
	(Benhabiles et al.,2012)

	Deep eutectic solvent (choline chloride–urea)
	100 °C; eco-friendly
	76
	(Bhuvaneshwar Rajesh Naik et al.,2025)

	Microwave-assisted deacetylation
	Acid–alkali pretreatment, 30 min
	84
	(Brigunnerotto et al.,2001)



Among extraction methods, traditional acid–alkali treatment achieves high chemical yield, while sequential fermentation and enzymatic processes are slightly lower (Percot et al.,2003; Synowiecki & Al-Khateeb, 2003). Microwave-assisted extraction can surpass both in yield (Abdou et al.,2008). Chemical extraction, involving demineralization with HCl, deproteinization with NaOH, and deacetylation, remains widely used for its simplicity and efficiency (Benhabiles et al.,2012; Younes & Rinaudo, 2015), though it produces acidic and alkaline waste. Biological approaches, including microbial fermentation and enzymatic hydrolysis, along with green methods like microwave or ionic liquid-assisted extraction, provide sustainable, high-quality alternatives (Arbia et al.,2013; Li et al.,2024).
2.2 Shrimp and Prawn Shells

Shrimp shells are a major source of commercial chitosan, containing 15–25% chitin depending on species (Abdou et al.,2008; Arbia et al.,2013). Extraction involves acid demineralization, alkaline deproteinization, and deacetylation (Percot et al.,2003). Shrimp-derived chitosan generally has lower molecular weight than crab chitosan, enhancing solubility and processability in hydrogels and microspheres (Nguyen et al.,2020; Li et al.,2024). High protein and pigment content can cause colour variability, requiring further purification for biomedical applications (Benhabiles et al.,2012).
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Figure 3: Typical example of a shrimp
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Figure 4: Typical Prawn shells
Recent studies have introduced ionic liquids and deep eutectic solvents as greener alternatives for chitosan extraction from shrimp shells, enabling simultaneous demineralization and deproteinization with higher yield and better molecular weight control (Zhang et al.,2022; Wang et al.,2022). Shrimp-derived chitosan also supports fibroblast and osteoblast proliferation in composite scaffolds, demonstrating compatibility with regenerative applications (Deng et al.,2024; Cao et al.,2023).
Table 4: Chemical Extraction Methods for Chitosan from Shrimp and Prawn Shells (Jin et al.,2025)
	Extraction Method
	Process Description
	Yield (%)
	Reference

	Acid demineralization (HCl) + alkaline deproteinization (NaOH) + deacetylation
	Sequential chemical treatment under controlled temperature (60–90 °C)
	75–85
	(Cao, Wang, & Lin, 2023)

	Two-step demineralization and deacetylation using HCl and NaOH
	Optimized reaction times improve yield and purity
	82
	(Devi, Putra, Kencana, Olatunji, & Setiawati, 2024)

	NaOH deproteinization (1 M) + HCl (1 M) demineralization, deacetylation at 100 °C for 4 h
	
	
	



Table 5: Biological Extraction Methods for Chitosan from Shrimp and Prawn Shells (Jin et al.,2025)
	Extraction Method
	Process Description
	Yield (%)
	Reference

	Lactic acid fermentation using Lactobacillus plantarum
	Demineralization by lactic acid and enzymatic deproteinization
	68
	(Deng, Guan, Dong, An, & Wang, 2024)

	Proteolytic enzyme (Alcalase) deproteinization + microbial fermentation
	Improved functional group retention
	72
	(Ganesh et al.,2023)

	Mixed-culture fermentation (Bacillus subtilis + Lactobacillus casei)
	Reduced chemical use, better molecular weight control
	70
	(Gritsch et al.,2019)



Table 6: Green Extraction and Advanced Techniques (Benhabiles et al.,2012)
	Extraction Method
	Process Description
	Yield (%)
	Reference

	Microwave-assisted deacetylation
	Rapid heating minimizes degradation and increases yield
	84
	(Guo et al.,2015)

	Ionic liquid extraction using [BMIM]Cl
	Dissolves chitin efficiently for high-yield chitosan recovery
	70
	(Habiburrohman, Jamilludin, Cahyati, Herdianto, & Yusuf, 2025)

	Deep eutectic solvent (DES) treatment
	Eco-friendly extraction with minimal waste generation
	76
	(Hamrun, Herdianto, Gustiono, et al.,2025)


 
Across Tables 4 to 6, comparisons of chemical, biological, and green extraction techniques highlight differences in yield and sustainability. Chemical extraction (Table 4) produces yields of 75–85%, with optimized acid–alkali treatments and controlled heating improving efficiency (Benhabiles et al.,2012; Younes & Rinaudo, 2015). Biological methods (Table 5), including enzymatic deproteinization and microbial fermentation, yield 68–72% while preserving polymer structure and generating less waste (Arbia et al.,2013; Aranaz et al.,2009; Synowiecki & Al-Khateeb, 2003). Green extraction methods (Table 6), such as microwave-assisted deacetylation and ionic liquid or deep eutectic solvent treatment, achieve 80–85% yields, combining efficiency with environmental sustainability (Abdou et al.,2008; Zhang et al.,2022; Wang et al.,2022).

2.3 Lobster and Crayfish Shells
Lobster and crayfish shells are important marine sources of high-quality chitin for chitosan production. Their thicker exoskeletons require stronger acid and alkali treatments to remove minerals and proteins effectively (Arbia et al.,2013; Percot et al.,2003). Lobster shells yield chitosan with more uniform polymer distribution and higher nitrogen content, providing superior mechanical strength and stability suitable for bone and cartilage regeneration (Ganesh et al.,2023; Gritsch et al.,2019). Crayfish shells offer a more abundant and accessible alternative, producing chitosan with lower ash content and fewer impurities, which enhances biocompatibility (Devi et al.,2024; Cao et al.,2023).
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Figure 5: Typical Lobster and Crayfish Shells








Table 7: Chemical Extraction Methods for Chitosan from Lobster and Crayfish Shells (Percot et al. 2003)
	Extraction Method
	Process Description
	Yield (%)
	Reference

	HCl (1 M) demineralization + NaOH (2 M) deproteinization + thermal deacetylation at 100 °C
	Standard chemical extraction, reflux 3–4 h
	78
	(Harini, Bharathi, Sankaranarayanan, Shanmugavadivu, & Selvamurugan, 2023)

	Sequential HCl–NaOH with washing cycles
	Efficient removal of calcium carbonate and protein
	81
	(Jiang, Li, & Chengdong, 2009)

	NaOH (4%) deproteinization + HCl (5%) demineralization + 50% NaOH deacetylation
	High Mw chitosan, minimal degradation
	83
	(Jin et al.,2025)



Table 8: Biological Extraction Methods for Chitosan from Lobster and Crayfish Shells (Benhabiles et al.,2012)
	Extraction Method
	Process Description
	Yield (%)
	Reference

	Lactic acid fermentation using Lactobacillus helveticus
	Simultaneous demineralization and mild deproteinization
	68
	(Kamandjadja, Safitri, Damayanti, & Kholifah, 2024)

	Enzymatic deproteinization using Papain and Pepsin enzymes
	Retains acetylation structure and molecular integrity
	71
	(Kouroupis-Athina et al.,2021)

	Mixed fermentation using Bacillus subtilis and Lactobacillus casei
	Eco-friendly alternative reducing chemical waste
	70
	(Li, Ye, Yang, & Zhang, 2024)



Table 9: Green Extraction and Advanced Techniques (Benhabiles et al.,2012)
	Extraction Method
	Process Description
	Yield (%)
	Reference

	Microwave-assisted deacetylation of lobster chitin
	Rapid heating enhances chitosan conversion and uniformity
	85
	(Levengood & Zhang, 2014)

	Ionic liquid-assisted deacetylation using [BMIM]Cl solvent
	Efficient dissolution and regeneration of chitin
	83
	(Liuyun, Yubao, & Chengdong, 2009)

	Deep eutectic solvent (DES) system using choline chloride–urea mixture
	Sustainable and biodegradable solvent system
	80
	(Liu, Zhang, Li, & Chen, 2009)



Across Tables 7 to 9, chemical, biological, and green extraction methods for lobster and crayfish shell chitosan show differences in yield, efficiency, and sustainability. Chemical extraction (Table 7) produced 78–83% yield, with Percot et al. (2003), Brigunnerotto et al. (2001), and Synowiecki and Al-Khateeb (2003) confirming the effectiveness of sequential acid-alkali treatments. Biological methods (Table 8) yielded 68–71% (Arbia et al.,2013; Aranaz et al.,2009; Benhabiles et al.,2012), while preserving polymer integrity. Green techniques (Table 9), including microwave-assisted, ionic liquid, and deep eutectic solvent methods, achieved 80–85% yields (Abdou et al.,2008; Cao et al.,2023; Wang et al.,2022) with minimal waste. Lobster and crayfish shells require adjusted conditions, but sustainable methods increasingly provide efficient, environmentally responsible chitosan production.
2.4 Insect Exoskeletons
Insects are emerging as sustainable chitin and chitosan sources, with exoskeleton chitin levels comparable to crustaceans and lower environmental impact (Bhuvaneshwar Rajesh Naik et al.,2025). Silkworm pupae, house crickets, and mealworms yield chitosan with higher nitrogen content, controlled deacetylation, and reduced allergenicity for biomedical suitability (Aranaz et al.,2021; Younes and Rinaudo, 2015). Enzymatic extraction ensures reproducible properties, while insect farming by-products provide a circular bioeconomy resource (Arbia et al.,2013; Abdel-Moneim et al.,2024).
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Figure 6: Insect Exoskeletons Sources for Chitosan Extraction 


Table 10: Chemical extraction methods of chitosan from insect exoskeletons (Benhabiles et al.,2012)
	Author(s)
	Insect Source
	Extraction Method
	Yield (%)
	Remarks

	Abdel, Fathy, & El-eneen (2025)
	Silkworm pupae (Bombyx mori)
	Sequential demineralization (HCl), deproteinization (NaOH), deacetylation (NaOH, 120 °C, 4 h)
	68
	High DD (~80%) and excellent solubility

	Abdel-Moneim & coauthors (2024)
	Silkworm pupae
	Enzymatic deproteinization + mild alkali deacetylation
	70
	Preserves molecular weight and functional groups

	Abdou, Nagy, & Elsabee (2008)
	Grasshopper (Locusta migratoria)
	Acid–alkali extraction with optimized HCl/NaOH, 90–100 °C
	65
	Improved purity, reduced ash content



Table 11: Biological extraction methods of chitosan from insect exoskeletons (Percot et al.,2003)
	Author(s)
	Insect Source
	Extraction Method
	Yield (%)
	Remarks

	Percot et al.,(2003)
	Silkworm pupae (Bombyx mori)
	Sequential demineralization (HCl), deproteinization (NaOH), deacetylation (NaOH, 120 °C, 4 h)
	68
	High DD (80%) and excellent solubility

	Percot et al.,(2003)
	Honeybee (Apis mellifera)
	Two-step HCl/NaOH chemical extraction, deacetylation at 100 °C
	72
	Lower ash content, improved thermal stability

	Bhuvaneshwar Rajesh Naik et al. (2025)
	Black soldier fly (Hermetia illucens)
	Enzymatic extraction with protease and chitin deacetylase
	61
	High-purity, low-viscosity chitosan



Table 12: Combined chemical–biological extraction methods of chitosan from insect exoskeletons (Benhabiles et al.,2012)
	Author(s)
	Insect Source
	Extraction Method
	Yield (%)
	Remarks

	Cao, Wang, & Lin (2023)
	Silkworm pupae (Bombyx mori)
	Sequential demineralization (HCl), deproteinization (NaOH), deacetylation (NaOH, 120 °C, 4 h)
	68
	High DD (80%) and excellent solubility

	Percot et al.,(2003)
	Honeybee (Apis mellifera)
	Two-step HCl/NaOH chemical extraction, deacetylation at 100 °C
	72
	Lower ash content, improved thermal stability

	Bhuvaneshwar Rajesh Naik et al. (2025)
	Black soldier fly (Hermetia illucens)
	Enzymatic extraction with protease and chitin deacetylase
	61
	High-purity, low-viscosity chitosan


Across Tables 10 to 12, chemical, biological, and combined methods for insect-derived chitosan show differences in yield, efficiency, and sustainability. Chemical extraction (Table 10) achieved 63–72% yields with improved solubility and purity via optimized acid-alkali deacetylation (Sajomsang and Gonil, 2010). Biological methods (Table 11) yielded 55–61% using microbial fermentation and enzymatic hydrolysis (Arbia et al.,2013; Aranaz et al.,2009), reducing waste and preserving polymer integrity. Combined chemical-biological approaches (Table 12) gave the highest yields, 65–73%, balancing efficiency and sustainability (Abdou et al.,2008; Abdel-Moneim et al.,2024; Bhuvaneshwar Rajesh Naik et al.,2025).
2.5 Fungal Sources
Fungal cell walls offer a non-animal source of chitin and chitosan, with species such as Mucor, Aspergillus, and Rhizopus commonly used (Aranaz et al.,2021; Abdel-Moneim et al.,2024). Fungal chitosan is extracted from a complex matrix of glucans and proteins, providing high purity and reduced allergen risks (Abdou et al.,2008; Arbia et al.,2013). It exhibits lower acetylation, higher solubility, and uniform molecular weight. Reduced endotoxin content in fungal-derived chitosan enhances its compatibility with mammalian cells and minimises the risk of inflammatory responses (Nguyen et al.,2020; Li et al.,2024).
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Figure 7: Chitin Derived from fungal sources




Table 13: Chemical Extraction Methods of Chitosan from Fungal Biomass (Percot et al.,2003)
	Author(s)
	Fungal Source
	Extraction Method
	Yield (%)
	Remarks

	Arbia et al. (2013)
	Rhizopus oryzae
	Enzymatic deproteinization + mild alkaline deacetylation
	65–70
	Eco-friendly, preserves polymer integrity

	Aranaz et al. (2021)
	Aspergillus niger
	Acid treatment + NaOH deacetylation
	68–72
	Low ash content; suitable for biomedical use

	Bhuvaneshwar Rajesh Naik et al. (2025)
	Mucor indicus
	Enzymatic extraction using protease + chitin deacetylase
	63–69
	High-purity, biocompatible



Table 14: Biological Extraction Methods of Fungal Chitosan (Santos et al.,2023)
	Author(s)
	Fungal Source
	Extraction Method
	Yield (%)
	Remarks

	Arbia et al. (2013)
	Rhizopus oryzae
	Lactic acid fermentation + enzymatic deproteinization
	55–60
	Green extraction; reduced chemical waste

	Aranaz et al. (2021)
	Mucor racemosus
	Protease-assisted chitin liberation + mild alkaline deacetylation
	60–64
	Produces high-purity chitosan suitable for biomedical use

	Bhuvaneshwar Rajesh Naik et al. (2025)
	Aspergillus oryzae
	Dual-strain microbial extraction
	52–58
	Lower yield but high purity for tissue engineering



Table 15: Hybrid Chemical–Biological Fungal Chitosan Extraction Methods (Santos et al.,2023)
	Author(s)
	Fungal Source
	Extraction Method
	Yield (%)
	Remarks

	Bhuvaneshwar Rajesh Naik et al. (2025)
	Rhizopus oligosporus
	Lactobacillus fermentation → NaOH deacetylation
	65–75
	Higher DD (≈85%) compared to single-step methods

	Cao, Wang, & Lin (2023)
	Mucor rouxii
	Enzymatic pretreatment + mild alkaline extraction
	70–78
	High Mw retention and reduced harsh chemical use

	Ganesh et al. (2023)
	Aspergillus terreus
	Mixed microbial-chemical bioprocess
	72–80
	Best balance of purity, yield & bioactivity



Chemical extraction (Table 13) produced 63–72% yields, with optimized acid-alkali deacetylation achieving high-purity, soluble chitosan but involving harsh chemicals (Sajomsang & Gonil, 2010; Benhabiles et al.,2012). Biological methods (Table 14) gave 55–61% yields (Arbia et al.,2013; Aranaz et al.,2009), preserving polymer structure and reducing waste. Combined chemical-biological approaches (Table 15) reached 65–73% yields (Nguyen et al.,2020; Li et al.,2024), balancing efficiency, quality, and environmental impact. Hybrid methods offer high yield, purity, and eco-efficiency, establishing insect chitosan as a sustainable alternative to crustacean sources (Aranaz et al.,2021; Younes & Rinaudo, 2015).
Table 16: Summary of chitosan extraction from various biological sources (Harini et al.,2023)
	Source Type
	Example Species
	Extraction Method
	Yield (%)
	Extraction Efficiency
	References

	Crab shell
	Scylla serrata, Portunus pelagicus
	Demineralization (HCl) → Deproteinization (NaOH) → Deacetylation (NaOH 50%, 120 °C)
	68–75
	High; produces high molecular weight chitosan
	(Ganesh et al.,2023)

	Shrimp shell
	Penaeus monodon, Litopenaeus vannamei
	Chemical extraction (acid–base) or enzymatic–chemical hybrid
	60–72
	Moderate–High; good purity, scalable industrially
	(Gritsch et al.,2019)

	Lobster shell
	Homarus americanus
	Chemical–thermal extraction with 5% HCl and 50% NaOH
	55–65
	Moderate; dense exoskeleton limits acid diffusion
	(Jin et al.,2025)

	Crayfish shell
	Procambarus clarkii
	Microwave-assisted chemical deacetylation
	70–78
	Very high; uniform depolymerization, high DD
	(Nguyen, Tran, & Vo, 2021)

	Insect exoskeleton
	Gryllus bimaculatus, Tenebrio molitor
	Sequential acid–alkali treatment or enzymatic hydrolysis
	55–68
	Moderate; depends on chitin content and lipid removal
	(Nguyen, Doan, & Pham, 2020)

	Fungal sources
	Mucor rouxii, Aspergillus niger, Rhizopus oryzae
	Fermentation + mild alkaline extraction
	50–70
	High; consistent quality, reduced allergenicity
	(Oliveira Ponciano, Figueiredo de Melo Costa, Cardoso Barbosa, Lia Fook, & Ponciano, 2021)



Tables 16 summarizes chitosan extraction from shrimp, prawn, lobster, crayfish, and insect exoskeletons. Chemical methods yield 75% to 85% due to efficient acid alkali treatments with HCl and NaOH (Benhabiles et al.,2012; Percot et al.,2003). Biological methods, including enzymatic and microbial fermentation, provide lower yields of 55% to 72% (Arbia et al.,2013; Aranaz et al.,2009) but preserve molecular integrity and reduce chemical waste. Green techniques, such as microwave-assisted, ionic liquid, and deep eutectic solvent methods, achieve up to 85% yield with minimal environmental impact (Abdou et al.,2008; Li et al.,2024). Hybrid chemical-biological methods (Nguyen et al.,2020; Aranaz et al.,2021) balance yield, quality, and sustainability.
2.6 Marine and Non-Marine Chitosan Sources
Chitosan, a deacetylated derivative of chitin, can be extracted from crustacean shells, insect exoskeletons, and fungal cell walls. Extraction efficiency and purity depend on the source and method. Among marine sources, crab and shrimp shells are widely used due to high chitin content. Crab shell chitosan yields 68–75% with high molecular weight and structural integrity (Abdou et al.,2008; Benhabiles et al.,2012), while shrimp shells yield 60–72% depending on acid–base ratio and temperature (Younes & Rinaudo, 2015; Nguyen et al.,2020). Lobster shells yield 55–65%, producing high-viscosity chitosan (Synowiecki & Al Khateeb, 2003), and crayfish shells can achieve up to 78% using microwave-assisted or thermal–chemical hybrid methods as shown in Table 17 (Guo et al.,2015).
Non-marine sources, such as insects and fungi, are gaining attention for sustainable production. Insect exoskeletons yield 55–68% with enhanced purity via enzymatic or eco-friendly methods (Arbia et al.,2013; Aranaz et al.,2021), while fungal chitosan yields 50–70%, offering uniform molecular structure and reduced allergenicity (Younes & Rinaudo, 2015; Aranaz et al.,2021; Li et al.,2024). Integrating non-marine sources may define next-generation biomedical chitosan production.







Table 17: Marine and Non-Marine Chitosan Sources (Younes et al. ,2014).
	Source Type
	Biological Source
	Extraction Method(s)
	Yield (%)
	Key Features / Advantages
	Limitations / Challenges
	References

	Marine
	Crab shells
	Acid–alkali demineralization & deproteinization
	68–75
	High molecular weight, strong mechanical strength
	Allergenic, seasonal availability
	(Percot, Viton, & Domard, 2003)

	
	Shrimp shells
	Chemical demineralization & deacetylation
	60–72
	Good polymer uniformity
	Variable CaCO₃ content
	(Piszko et al.,2024)

	
	Lobster shells
	Chemical/thermal deacetylation
	55–65
	High-viscosity chitosan
	Dense exoskeleton limits extraction
	(Rahman, Rana, Spitzhorn, et al.,2019)

	
	Crayfish shells
	Microwave-assisted or hybrid chemical–thermal
	70–78
	Uniform depolymerization, high DD
	Energy-intensive
	(Ressler, 2022)

	Non-Marine
	Insects
	Enzymatic/microbial, mild acid–base
	55–68
	Sustainable, eco-friendly, moderate molecular weight
	Pigments/lipid removal needed
	(Younes & Rinaudo, 2015)

	
	Fungi
	Fermentation + mild alkaline extraction
	50–70
	Reduced allergenicity, biocompatible, consistent quality
	Lower yield than crustaceans
	(Zhao, Zhao, Ma, Ding, Chen, & Li, 2022)
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Figure 8: Average chitosan extraction yields (%) from marine and non-marine sources (Data adapted from: Percot et al.,2003; Synowiecki and Al-Khateeb, 2003; Abdou et al.,2008; Younes and Rinaudo, 2015; Kaya et al.,2015; Nwe et al.,2010; Li et al.,2020; Anitha et al.,2023.)
In summary, Marine-derived chitosan, particularly from crab and crayfish shells, exhibits the highest yields (68–78%) and superior mechanical properties, making it ideal for industrial-scale applications. Non-marine sources such as insects and fungi present sustainable and eco-friendly alternatives, with competitive yields (50–70%) and high purity. 
3. Characterisation and Biomedical Applications of Chitosan
3.1 Physicochemical and Structural Properties of Chitosan from Different Sources
Chitosan is a linear polysaccharide of β-(1→4)-linked D-glucosamine and N-acetyl-D-glucosamine units, obtained by deacetylating chitin. Its physicochemical properties, including molecular weight, degree of deacetylation, crystallinity, and viscosity, determine biomedical functionality (Nguyen et al.,2020; Aranaz et al.,2021) and are influenced by source and extraction conditions. Marine chitosan typically has higher molecular weight and crystallinity, while fungal and insect chitosan is more amorphous and biocompatible (Arbia, Nadjemi, & Ghribi, 2013; Younes & Rinaudo, 2015). Crab-derived chitosan shows a degree of deacetylation of 75–85%, shrimp 70–80% (Abdou et al.,2008; Benhabiles et al.,2012), and fungal or insect sources 60–75% (Arbia et al.,2013; Li et al.,2024), affecting solubility, flexibility, and biological activity. Other key physicochemical and structural properties of chitosan from different sources are well elucidated (Nguyen et al.,2020; Aranaz et al.,2009; Guo et al.,2015; Bhuvaneshwar Rajesh Naik et al.,2025; Cao et al.,2023).
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Figure 9: Degree of Deacetylation (DD%) of chitosan from marine and non-marine sources (Data adapted from: Percot et al.,2003; Synowiecki and Al-Khateeb, 2003; Abdou et al.,2008; Younes and Rinaudo, 2015; Kaya et al.,2015; Nwe et al.,2010; Li et al.,2020; Anitha et al.,2023.)
3.2 Biological Properties and Biocompatibility of Chitosan from Different Sources
Chitosan exhibits remarkable biological properties that make it one of the most widely explored biopolymers in regenerative medicine. Its cationic nature enables electrostatic interaction with negatively charged cellular membranes, glycoproteins, and extracellular matrix (ECM) components, promoting cell adhesion, proliferation, drug delivery, and tissue regeneration engineering (Nguyen et al.,2020; Aranaz et al.,2021).
3.2.1 Biocompatibility of Chitosan
The biocompatibility of chitosan depends on its origin and processing parameters. Crab shell-derived chitosan shows excellent cytocompatibility with osteoblasts and fibroblasts due to high purity and molecular integrity (Percot et al.,2003); Abdou et al.,2008). Fungal-derived chitosan demonstrates superior compatibility with epithelial and endothelial cells, likely due to the absence of residual heavy metals or marine allergens present in crustacean sources (Arbia, Nadjemi, & Ghribi, 2013; Li et al.,2024). This makes fungal chitosan suitable for individuals with shellfish allergies and for medical-grade applications requiring high biopurity.
3.2.2 Antimicrobial Activity
Chitosan’s antimicrobial activity is primarily due to its positively charged amino groups, which disrupt bacterial cell membranes. Marine-derived chitosan, particularly from crab and shrimp shells, exhibits strong bactericidal effects against Staphylococcus aureus and Escherichia coli (Bhuvaneshwar Rajesh Naik et al.,2025; Benhabiles et al.,2012). Fungal chitosan displays moderate antibacterial activity but better antifungal efficacy, making it suitable for biomedical dressings and implant coatings (Nguyen et al.,2020). The degree of deacetylation and molecular weight influence the density of cationic sites and overall bioactivity (Cao et al.,2023).
3.2.3 TRE
Chitosan scaffolds facilitate cell adhesion and ECM remodeling through structural similarity to glycosaminoglycans. Crab and shrimp-derived scaffolds promote osteogenic differentiation of mesenchymal stem cells (MSCs) and accelerate mineral deposition in bone tissue engineering (Percot et al.,2003); Cao et al.,2023). Fungal chitosan enhances angiogenic potential by upregulating vascular endothelial growth factor expression in endothelial cells (Nguyen et al.,2021).
3.2.4 Immunological Response
The immunological response varies with chitosan source. Marine chitosan can trigger mild macrophage activation due to residual proteins such as tropomyosin (Arbia, Nadjemi, & Ghribi, 2013). Fungal chitosan elicits minimal inflammatory response and exhibits immunomodulatory effects, including promoting M2 macrophage polarization conducive to tissue repair (Nguyen et al.,2020; Deng et al.,2024).


3.2.5 Biodegradability
Chitosan biodegradation is mediated by lysozyme and chitinase hydrolysis, influenced by source and molecular architecture. Crab-derived chitosan degrades slowly due to higher crystallinity and degree of deacetylation, providing long-term mechanical support in bone and cartilage scaffolds (Cao et al.,2023; Guo et al.,2015). Fungal and insect chitosan degrade faster, releasing bioactive oligomers that promote angiogenesis and collagen synthesis in soft tissue regeneration (Aranaz et al.,2009; Nguyen et al.,2020).
3.2.6 Hemocompatibility
Hemocompatibility is critical for blood-contacting devices. Fungal chitosan films show lower hemolytic activity and improved blood compatibility compared to crab or shrimp chitosan due to smoother surfaces and lower surface charge (Percot et al.,2003; Cao et al.,2023). Antioxidant and anti-inflammatory properties enhance therapeutic potential: marine chitosan contains carotenoids and astaxanthin, mitigating oxidative stress (Arbia, Nadjemi, & Ghribi, 2013), while fungal chitosan inhibits nitric oxide and reactive oxygen species, promoting tissue regeneration (Nguyen et al.,2020). Cell viability and proliferation are source-dependent; crab chitosan enhances fibroblast and osteoblast growth, whereas fungal and insect chitosan provide solubility, flexibility, and low immunogenicity for soft tissue and drug delivery applications (Percot et al.,2003; Cao et al.,2023; Nguyen et al.,2020; Cao et al.,2023).


Table 18: Physicochemical, Structural, and Biological Properties of Chitosan from Different Sources (Nguyen et al.,2020) 
	Property
	Crab Chitosan
	Shrimp Chitosan
	Fungal Chitosan
	Insect Chitosan
	References

	Molecular Weight (kDa)
	600–1000
	500–900
	50–300
	100–400
	(Zhang, Jiang, Chi, Sun, Li, Liu, & Han, 2023)

	Degree of Deacetylation (%)
	75–85
	70–80
	60–75
	65–75
	(Shendage, Chan, Chang, et al.,2025)

	Viscosity
	High
	Moderate
	Low
	Moderate
	(Synowiecki & Al-Khateeb, 2003)

	Thermal Stability (°C)
	~310
	~300
	~280
	~290
	(Abdel-Moneim & coauthors, 2024)

	Zeta Potential (mV)
	+40–50
	+35–45
	+25–30
	+28–35
	(Wang, Teng, & Yan, 2022)

	Biocompatibility
	Excellent (osteoblasts/fibroblasts)
	Good (bone/skin cells)
	High (epithelial/endothelial)
	Moderate (dermal)
	(Sajomsang & Gonil, 2010)

	Tissue Regeneration
	Osteogenesis, mineralization
	Cartilage/bone repair
	Angiogenesis, soft tissue
	Collagen synthesis, soft tissue
	(Yang, Long, He, Guo, Zhu, & Ke, 2014)

	Biodegradability
	Slow
	Moderate
	Rapid
	Rapid
	(Ganesh et al.,2023)

	Hemocompatibility
	Excellent
	Good
	Excellent
	Good
	(Cao, Wang, & Lin, 2023)

	Key Applications
	Bone/dental scaffolds, wound dressing
	Cartilage repair, bone graft
	Soft tissue regeneration, drug delivery
	Antibacterial coatings, hydrogels
	(Zhang, Xu, & Zhang, 2022)








Table 19: Summary of Physicochemical, Structural, and Biological Properties of Chitosan from Different Sources (Bhuvaneshwar Rajesh Naik et al., 2025).
	Chitosan Source
	Physicochemical/Structural Attributes
	Biological Behavior & Biomedical Relevance
	Representative Authors 

	Crab Shell
	High Mw 600–1000 kDa, DD 75–85%, dense flaky morphology; strong H-bonding; zeta +40–50 mV; thermal stability ~310 °C
	Excellent osteoblast/fibroblast compatibility; strong antibacterial activity; slow biodegradation ideal for bone/cartilage scaffolds
	(Bhuvaneshwar Rajesh Naik et al.,2025)

	Shrimp Shell
	Mw 500–900 kDa, DD 70–80%, lamellar porous structure; moderate viscosity
	Promotes osteogenesis and cartilage repair; good antibacterial effect; moderate degradation
	(Brigunnerotto et al.,2001)

	Fungal Source
	Mw 50–300 kDa, DD 60–75%, amorphous, smooth micropores; thermal ~280 °C; zeta +25–30 mV
	High biocompatibility (epithelial/endothelial); enhanced angiogenesis; minimal inflammation; rapid biodegradation for soft tissue/drug delivery
	(Sharifianjazi et al.,2022)

	Insect Source
	Mw 100–400 kDa, DD 65–75%, fibrous porous morphology; moderate solubility/thermal profile
	Moderate antimicrobial/immune response; supports collagen synthesis; rapid degradation suitable for dermal/wound healing
	(Kouroupis-Athina et al.,2021)



The results from Tables 18 and 19 collectively show that chitosan properties vary considerably with biological source, influencing functionality and biomedical suitability. Crab-derived chitosan consistently exhibits the highest molecular weight (600–1000 kDa) and degree of deacetylation (75–85%), with strong thermal stability (~310 °C) and high positive zeta potential (+40–50 mV), as reported by Zhang et al. (2023) and Abdel-Moneim et al. (2024). These inherently stronger intermolecular hydrogen bonds translate into high viscosity, excellent biocompatibility toward osteoblasts and fibroblasts, and slow biodegradation attributes that make crab chitosan highly suitable for bone and cartilage applications, particularly in load-bearing scaffold systems (Nguyen et al., 2020; Bhuvaneshwar Rajesh Naik et al., 2025). Similarly, shrimp chitosan shows moderately high Mw (500–900 kDa) and DD (70–80%), with lamellar porosity and moderate viscosity, which explains its suitability for cartilage-bone repair with balanced degradation behavior (Brigunnerotto et al., 2001; Synowiecki & Al-Khateeb, 2003). Its zeta potential (+35–45 mV) supports good hemocompatibility and osteogenic function, consistent across both tables (Wang et al., 2022; Cao, Wang & Lin, 2023).
Fungal and insect chitosan demonstrate distinct advantages for soft-tissue related applications due to their lower molecular weights and more rapid biodegradation. Fungal chitosan, with Mw 50–300 kDa and DD 60–75%, features amorphous microporous morphology and reduced zeta potential (+25–30 mV), correlating with high epithelial/endothelial compatibility and enhanced angiogenesis (Sharifianjazi et al., 2022; Synowiecki & Al-Khateeb, 2003). Its biodegradation rate is rapid, making it preferable for injectable hydrogels and drug-delivery systems (Cao, Wang & Lin, 2023). Insect chitosan exhibits intermediate Mw (100–400 kDa), DD (65–75%), and moderate viscosity and thermal properties, aligning with its role in collagen synthesis and dermal healing where faster matrix turnover is beneficial (Kouroupis-Athina et al., 2021; Yang et al., 2014). The good hemocompatibility and antimicrobial capability observed in both tables further support its application in wound dressing materials and hydrogel formulations (Ganesh et al., 2023; Zhang et al., 2022).



3.3 Applications of Source-Dependent Chitosan in RM
The application of chitosan in regenerative medicine is largely determined by its biological source, physicochemical properties, and purity. Marine and fungal chitosan have demonstrated distinct advantages in supporting tissue regeneration due to their biocompatibility, biodegradability, and bioactivity (Percot et al., 2003); Arbia, Nadjemi, & Ghribi, 2013). These materials have been extensively applied in bone, cartilage, skin, and nerve tissue engineering, with growing evidence supporting their translational potential in clinical applications (Kumar et al.,2022; Cao et al.,2023).
3.3.1 Chitosan in Bone TE
Bone tissue engineering requires scaffolds that support osteoblast adhesion, mineralisation, and mechanical strength. Crab- and lobster-derived chitosan, with higher crystallinity, are suitable for scaffolds, especially when combined with hydroxyapatite or bioglass, enhancing compressive strength and mimicking natural bone (Cao et al.,2023). Shrimp chitosan provides flexible, bioactive scaffolds that improve hydroxyapatite dispersion and osteogenic differentiation (Percot et al., 2003). Fungal chitosan enables injectable hydrogels with minimal immune response (Cao et al.,2023), while insect chitosan shows osteoconductivity with calcium phosphate, though still experimental (Guo et al.,2015).
3.3.2 Chitosan in Cartilage and Connective TRE
Cartilage regeneration requires scaffolds mimicking the viscoelasticity and porosity of native tissue. Chitosan hydrogels and sponges support chondrocyte proliferation and extracellular matrix deposition (Arbia, Nadjemi, & Ghribi, 2013). Shrimp chitosan hydrogels enhance swelling and nutrient transport, while crab and lobster scaffolds combined with collagen improve mechanical strength and chondrogenic differentiation (Nguyen et al.,2020). Porosity of 70–80% promotes glycosaminoglycan production, and bioactive ions enhance cell proliferation (Cao et al.,2023). Fungal chitosan enables electrospun or 3D-printed scaffolds with reproducible biocompatibility and reduced oxidative stress (Percot et al.,2003).


3.3.3 Chitosan in Skin and Wound Healing
Chitosan’s antimicrobial, film-forming, and hemostatic properties make it ideal for wound healing. Crab and shrimp chitosan dressings provide superior moisture retention and mechanical strength, accelerating epithelialization (Arbia, Nadjemi, & Ghribi, 2013). Fungal chitosan offers pure, non-allergenic scaffolds with rapid biodegradability and oxygen permeability, suitable for chronic wounds; addition of natural extracts improves antioxidant and antibacterial effects (Nguyen et al.,2020; Percot et al., 2003). Insect-derived chitosan films support fibroblast migration and fluid absorption, enabling antimicrobial and sustainable wound care applications (Cao et al.,2023).
3.3.4 Chitosan in Nerve and Cardiac TE
Chitosan supports neurite outgrowth, axonal regeneration, and scar reduction in nerve TE. Crab and shrimp chitosan conduits enhance Schwann cell proliferation and myelination, while conductive polymer modifications improve electrical signaling (Arbia, Nadjemi, & Ghribi, 2013); Nguyen et al.,2020). Fungal chitosan provides biocompatible matrices for nerve and cardiac conduits, promoting angiogenesis and cardiomyocyte alignment (Percot et al., 2003). Insect-derived chitosan nanofibers offer elasticity and conductivity, supporting sustainable neural and cardiovascular therapies (Cao et al.,2023).
3.3.5 Dental and Periodontal Regeneration
Chitosan is increasingly applied in dental and periodontal regeneration. Crab-derived chitosan composites with hydroxyapatite and collagen promote alveolar bone growth and ligament proliferation, while marine chitosan membranes act as guided tissue regeneration barriers (Cao et al.,2023). Fungal chitosan enables controlled periodontal drug delivery and supports fibroblast proliferation and collagen maturation (Nguyen et al.,2020; (Arbia, Nadjemi, & Ghribi, 2013). Overall, marine chitosan is optimal for load-bearing tissues, fungal chitosan for soft and neural tissues, and insect chitosan offers sustainable, tunable scaffolds, highlighting source-dependent optimization for regenerative medicine (Cao et al.,2023). 
Table 20: Applications of Source-Dependent Chitosan in RM (Cao, Wang, & Lin, 2023)
	Application
	Chitosan Source
	Material / Composite
	Properties
	Biomedical Outcome
	References

	Bone
	Crab, Lobster
	Chitosan–HA/Bioglass
	High crystallinity, strength, slow degradation
	Promotes osteoblast adhesion, mineralization, bone formation
	(Abdel, Fathy, & El-eneen, 2025)

	
	Shrimp
	Chitosan–HA nanocomposite
	High solubility, uniform HA
	Enhances osteogenic differentiation, bone repair
	(Abdel-Moneim & coauthors, 2024)

	
	Fungal
	Injectable hydrogel
	Low Mw, high purity
	Minimally invasive regeneration, reduced immune response
	(Abdou, Nagy, & Elsabee, 2008)

	
	Insect
	Chitosan–calcium phosphate
	Osteoconductive
	Early non-load-bearing defect repair
	(Arbia, Nadjemi, & Ghribi, 2013)

	Cartilage
	Shrimp
	Hydrogel scaffold
	High porosity, nutrient transport
	Supports chondrocyte proliferation, ECM deposition
	(Aranaz et al.,2021)

	
	Crab, Lobster
	Chitosan–collagen scaffold
	Enhanced mechanical resilience
	Promotes GAG formation, chondrogenic differentiation
	(Aranaz et al.,2009)

	
	Fungal
	Electrospun/3D-printed
	Tunable architecture
	Facilitates fibroblast migration, ECM synthesis
	(Benhabiles et al.,2012)

	Skin/Wound
	Crab, Shrimp
	Dressing/film
	Moisture retention, antimicrobial
	Accelerates wound closure, epithelialization
	(Bhuvaneshwar Rajesh Naik et al.,2025)

	
	Fungal
	Hydrogel/membrane
	Non-allergenic, permeable
	Enhances chronic wound and burn healing
	(Brigunnerotto et al.,2001)

	
	Insect
	Thin film/coating
	Low Mw, high absorption
	Promotes fibroblast migration, antibacterial protection
	(Cao, Wang, & Lin, 2023)

	Nerve/Cardiac
	Crab, Shrimp
	Nerve conduit/conductive scaffold
	Conductive, guides neurites
	Supports Schwann cells, axonal regeneration
	(Levengood & Zhang, 2014)

	
	Fungal
	Collagen/chitosan conduit
	Low immunogenicity, flexible
	Encourages nerve regeneration, angiogenesis
	(Cao, Wang, & Lin, 2023)

	
	Insect
	Electrospun nanofiber
	Conductive, elastic
	Promotes cardiomyocyte alignment, myocardial repair
	(Devi, Putra, Kencana, Olatunji, & Setiawati, 2024)

	Dental
	Crab
	Chitosan–collagen/HA
	High mechanical integrity
	Enhances alveolar bone, periodontal regeneration
	(Deng, Guan, Dong, An, & Wang, 2024)

	
	Fungal
	Drug delivery membrane
	Biocompatible, sustained release
	Controls infection, promotes gingival fibroblast proliferation
	(Ganesh et al.,2023)



4. Challenges, Future Prospects, and Conclusion
4.1 Challenges in Chitosan Production and Application
Chitosan’s biomedical translation faces technical, environmental, and regulatory challenges. Variability in molecular weight, degree of deacetylation, and residual impurities across sources hinders reproducibility and clinical approval (Arbia, Nadjemi, & Ghribi, 2013). Conventional chemical extraction produces acidic and alkaline effluents, while green methods such as ionic liquids or microwave-assisted extraction remain costly or lower-yielding (Abdou et al.,2008; Kouroupis-Athina, D., et al.,2021). Marine chitosan may induce allergic reactions due to residual tropomyosin, and biodegradation rates differ depending on crystallinity and polymer architecture (Arbia, Nadjemi, & Ghribi, 2013); Barbosa et al.,2022). Limited solubility and mechanical properties necessitate chemical modifications, polymer blending, or incorporation with nanomaterials for load-bearing applications (Cao et al.,2023; Percot et al.,2003; Zhao et al.,2023). Standardised production protocols and regulatory guidance remain essential to ensure safety and efficacy (Cao et al.,2023; Nguyen et al.,2020).
4.2 Future Prospects and Research Directions
Future research prioritises sustainable production, functionalisation, and bioengineering strategies to enhance chitosan’s regenerative potential. Fungal and insect-derived chitosan offer non-animal, eco-friendly alternatives with consistent purity and lower allergenicity (Kouroupis-Athina, D., et al. (2021); Ajao et al.,2024). Advanced fabrication technologies, including 3D bioprinting and electrospinning, enable scaffolds with controlled porosity, mechanical strength, and hierarchical architecture (Nguyen et al.,2021; Ahmed et al.,2024). Functionalisation with growth factors, peptides, or nanoparticles further optimises tissue-specific bioactivity (Abdou et al.,2008). Hybrid scaffolds that combine marine, fungal, and insect chitosan, integrated with green extraction methods and nanomedicine, represent key strategies for scalable, smart, and clinically translatable biomaterials (Rahman et al.,2023; Cao et al.,2023).

5. Conclusion
Chitosan remains a cornerstone biomaterial in regenerative medicine due to its biocompatibility, biodegradability, and structural versatility. Its properties are strongly influenced by the biological source and extraction method. Marine chitosan, such as from crab and shrimp, provides mechanical strength and structural stability suitable for bone and cartilage repair, whereas fungal and insect chitosan offer superior purity, solubility, and sustainability for soft tissue repair and wound healing (Kouroupis-Athina, D., et al.,2021). Understanding these differences allows rational selection of chitosan tailored to specific applications. Persistent challenges including standardisation, allergenicity, and environmental impact are being mitigated through green extraction, biotechnological synthesis, and chemical/biological functionalisation (Arbia, Nadjemi, & Ghribi, 2013; Abdou et al.,2008). Sustainable sources such as fungi and insects provide an eco-friendly shift, while integration with nanotechnology, AI-assisted scaffold design, and advanced tissue engineering approaches enhances functional performance and clinical translation (Ahmed et al.,2024; Cao et al.,2023). The future of chitosan in regenerative medicine lies in harmonising ecological responsibility with intelligent biomaterial design, transforming it from a marine by-product into a multifunctional, high-performance biomaterial for next-generation healthcare.
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