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Abstract 

Mannans are structurally composed of β-(1→4)-linked mannose units, which are widely distributed 

in plant cell walls, yeast, and bacterial exopolysaccharides. Mannans have emerged as multipurpose 

biopolymers with significant industrial and biomedical potential. Celebrated mannans include guar 

gum, locust bean gum, konjac glucomannan, yeast mannans, and softwood glucomannans. This 

comprehensive review highlights the sources, structural diversity, extraction methods, 

physicochemical properties, and functional characteristics. The major bioactivities of mannans, 

including immunomodulatory, antioxidative, and prebiotic effects, reflect their relevance in 

biopharmaceutical applications. Moreover, mannans serve as valuable raw materials for developing 

biodegradable films, hydrogels, and nanocomposites applied in sustainable materials and drug 

delivery systems. Despite promising applications, challenges related to their large-scale production, 

standardization, and functional optimization remain to be investigated. Future perspectives focus on 

integrating advanced biotechnological approaches and chemical modifications to enhance the 

functional versatility of mannans. Overall, mannans represent a sustainable, multifunctional 

biopolymer with expanding applications across food, pharmaceutical, and biomedical industries. 

Keywords: mannan; biopolymer; prebiotics; nutraceuticals; drug delivery; nanocomposites 

 

1. Introduction 

Biopolymers are macromolecules synthesized by living organisms, and include nucleic acids, 

proteins, and polysaccharides. Owing to their biodegradability, renewable origin, and functional 

versatility, biopolymers have attracted increasing attention as sustainable alternatives to petroleum-

derived polymers in various industries. Among polysaccharide biopolymers, mannans, polymers of 

mannose residues, stand out for their origins, structural diversity, widespread occurrence, and wide 

range of applications [1]. Mannans are a major component of plant hemicellulose, second only to 

cellulose in abundance, and are extensively distributed in softwoods, legume seeds, and microbial 

cell walls [2]. Structurally, they occur as linear mannans, glucomannans (mannose–glucose 

copolymers), galactomannans (mannose polymers with galactose branches), and acetylated 

mannans, reflecting considerable biochemical heterogeneity [3]. This variability alters their diverse 

physicochemical properties, such as viscosity, gelling, and film formation, making them useful in 
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food technology, feed formulation, and pharmaceuticals [4]. Therefore, mannans represent a 

structurally diverse class of renewable polysaccharides whose abundance, functional versatility, and 

tunable physicochemical properties position them as promising candidates for sustainable 

applications across food, feed, and pharmaceutical industries. 

Beyond industrial use, mannans also play biological roles. In plants, mannans contribute to cell wall 

architecture, stress responses, and seed germination [2,5,6]. In fungi and yeasts, mannans are integral to 

the cell wall, contributing to immune recognition and host–pathogen interactions [7]. For example, cell 

wall molecules of Candida albicans mediate interactions with the environment and host immune cells. 

Recognition occurs through pathogen recognition receptors (PRRs) on neutrophils and macrophages, 

which bind to mural components. β-glucan and mannan trigger proinflammatory responses, whereas 

chitin promotes anti-inflammatory effects. Notably, C. albicans can modulate the exposure of these 

pathogen-associated molecular patterns (PAMPs) in response to environmental cues, thereby shaping 

host immunity (for a review, see [8]). Recently, mannans have been recognized as promising biomedical 

biopolymers. Their biodegradability, biocompatibility and low immunogenicity make them attractive for 

advanced applications such as drug delivery, vaccine adjuvants, and tissue engineering scaffolds [9,10]. 

Moreover, enzymatic degradation of mannans by mannanases produces mannan oligosaccharides 

(MOS), which have prebiotic effects and are widely applied in functional foods and animal nutrition [4]. 

Therefore, beyond their industrial relevance, mannans serve crucial biological functions and offer 

significant biomedical potential, with applications ranging from immunomodulation and drug delivery 

to prebiotic nutrition and tissue engineering. 

Given their abundance, renewable nature, and structural versatility, mannans represent an 

underutilized yet powerful class of biopolymers with potential impact across food, biomedical, and 

industrial biotechnology. This review aims to consolidate current knowledge on mannans, 

emphasizing their structural classifications, natural sources, physicochemical properties, enzymatic 

degradation, and emerging applications as sustainable biopolymeric materials. 

2. Methodology of Literature Review 

A randomized survey of the English-language literature was performed across multiple 

databases, including Embase, Web of Science, PubMed, and Scopus, to find publications related to 

mannans. This review synthesizes insights into its chemical properties and highlights its diverse 

applications in various fields. 

3. Chemical Structure and Types of Mannans 

Mannans are a class of hemicellulosic polysaccharides composed mainly of β-D-mannose 

residues, though they frequently contain other monosaccharides such as glucose and galactose (for a 

review, see [11]). The mannose backbone is typically linked through β-1,4-glycosidic bonds, with 

occasional α-1,6- or β-1,6-linked branches, depending on biological source [3]. This structural 

heterogeneity created at least four major types: linear mannans, glucomannans, galactomannans, and 

galactoglucomannans (GGM) ([4]; Table 1). In this context, linear mannans or homomannans consist 

of homopolymeric chains of β-1,4-linked mannose residues and are relatively rare in nature. They 

occur mainly in ivory nuts (vegetable ivory) and some microbial cell walls [3]. Glucomannans are 

copolymers of mannose and glucose residues arranged in a β-1,4-linked backbone (e.g., [12]). They 

are widely distributed in softwood hemicellulose, making them a significant structural component 

of gymnosperm secondary cell walls [5]. Due to their high abundance, glucomannans are considered 

potential feedstocks for biofuel and biopolymer production [13]. Galactomannans contain a linear β-

1,4-mannan backbone with α-1,6-linked galactose side chains. These are commonly found in the 

endosperm of legume seeds, such as guar gum (Cyamopsis tetragonoloba) and locust bean gum 

(Ceratonia siliqua) [10,14], and pumpkin [15]. The degree of galactose substitution influences 

solubility, viscosity, and gelling properties, which underpins their wide application in food, 

pharmaceuticals, and cosmetics [9]. GGM, the most complex subtype, contains mannose, glucose, 
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and galactose residues, often with additional O-acetyl substitutions (for a review, see [16]). They are 

predominant in softwoods, where they contribute up to 20% of the dry weight of secondary cell walls 

[2]. Acetylation modifies water solubility and enzymatic accessibility, impacting their 

biodegradability and industrial processing [3]. In addition to these well-studied groups, 

miscellaneous mannans are present in marine organisms, where sulfated mannans occur in red and 

green algae (for a review, see [17]). These exhibit unique bioactivities such as antiviral, anticoagulant, 

and immunomodulatory functions [18]. Growing populations and resource concerns have driven the 

search for alternative food ingredients. Wood-derived hemicelluloses, such as softwood GGM, are 

abundant and exhibit high potential as multifunctional food additives, for example, as emulsion 

stabilizers in processed foods. Before market introduction, their safety must be evaluated under 

Novel Food regulations [19]. Using techniques like small-angle neutron scattering, dynamic and 

static light scattering, circular dichroism, and cryo-transmission electron microscopy, the mannan 

was found to contain rigid-rod regions with a 14-helix conformation and strong water interactions. 

These structural features underpin its ice recrystallization inhibition activity, highlighting the 

relationship between mannan structure and function [20]. Thus, mannans represent a structurally 

diverse group of polysaccharides whose monosaccharide composition, linkage pattern, and 

substitution profile dictate their physicochemical properties and determine their suitability for 

specific biological and industrial applications. 

Table 1. The Physicochemical properties of natural and canonicalized mannans were curated 

from https://pubchem.ncbi.nlm.nih.gov/, accessed on June 12, 2025. 

 Name/PubChem CID 

Molecula

r Weight 

g/mol 

XLogP3

-AA 

Hydroge

n Bond 

Donor 

Count 

Hydroge

n Bond 

Acceptor 

Count 

Rotatabl

e Bond 

Count 

Topologica

l Polar 

Surface 

Area Å 

C6H12O6 

beta-D-mannopyranose, 

beta-D-Mannose/439680 

 

180.16 -2.6 5 6 1 110 

C66H101NO49 

Acemannan, Cello gel, 

Acemannan (Aloe 

vera)/134129847 

 

1692.5 -12.8 17 49 39 711 

C24H42O21 

alpha-D-Mannan, 

Mannan, 

Mannoglycan/25147451 

666.6 -9 14 21 10 348  
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C24H42O21 

Amylotetraose; 

Fujioligo 450; alpha-1,4-

Tetraglucose/870 

666.6 -9 14 21 10 348  

C60H102O51 

1,4-b-D-Mannan, 

GlyTouCan:G45304DG, 

G45304DG/53477899 

1639.4  -21.9 32 51 28 823 

C18H32O16 

D-Galacto-d-

mannan/439336 

 

504.4 -6.3 11 16 7 269 

 
C18H32O16 

GlyTouCan:G55283BR, 

CAROB 

GALACTOMANNAN, 

6-O-Glucosylmaltose, 

Aspergillus fumigatus 

galactomannan/351470

1 

504.4 -6.3 11 16 7 269 

4. Physicochemical Properties of Mannans 

The physicochemical properties of mannans are governed by their monosaccharide composition, 

glycosidic linkages, substituents such as acetyl or sulfate groups, and degree of branching. These 

structural determinants dictate their solubility, viscosity, gelling ability, and biodegradability, which in 

turn influence their functionality in biological systems and industrial applications [3,5]. The 

physicochemical properties of dietary fiber in the gut, such as hydration, adsorption, and rheology, 

significantly affect digestion, satiety, and glucose and lipid metabolism. Due to its diverse properties, 

konjac glucomannan (KGM) serves as a valuable model for investigating the relationships between fiber 

structure, functionality, and metabolic regulation. A review discussed the role of KGM in nutrient 

digestion from a colloidal nutrition perspective, methods to modify its properties, the relationship 

between structure and metabolic effects, and its applications in fat-reducing foods, providing a theoretical 

basis for dietary fiber colloid nutrition research [21].  

4.1. Solubility 

Mannan solubility is strongly influenced by structural substitution patterns and environmental 

factors. Linear mannans with a homopolymeric β-1,4-mannose backbone, such as those from ivory 

nut, are typically insoluble in water due to extensive inter-chain hydrogen bonding [3]. In contrast, 

galactomannans, such as those from guar and locust bean gum, exhibit improved solubility because 

α-1,6-linked galactose side chains disrupt aggregation and enhance hydration [10]. The 

galactose:mannose (G:M) ratio is a critical determinant of solubility and rheological behavior, with 

higher galactose substitution favoring dissolution[9,22,23].  Additional structural modifications, 
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including acetylation, sulfation, or phosphorylation, further modulate solubility by introducing steric 

hindrance or charge repulsion [18] Molecular weight and conformational rigidity also play roles, as 

high-molecular-weight or crystalline/helix-forming mannans are less soluble than amorphous, low-

molecular-weight derivatives [24]. Beyond structure, solubility is influenced by pH, temperature, 

ionic strength, and solvent composition of the milieu; for example, elevated temperatures or 

enzymatic hydrolysis enhance dissolution by reducing chain interactions [3]. Overall, mannans are 

most soluble when structurally branched, moderately substituted, and subjected to favorable 

physicochemical conditions. 

4.2. Viscosity and Rheology 

Mannans, particularly galactomannans, form highly viscous solutions even at low 

concentrations, making them effective stabilizers and thickeners in food and pharmaceutical 

formulations [25]. Their viscosity depends on molecular weight, branching, and solution conditions 

such as pH and ionic strength [26]. For instance, guar gum, with a high galactose substitution, exhibits 

superior hydration and viscosity compared to locust bean gum, which has lower galactose content 

[10]. KGM, valued for its viscoelasticity and health benefits, is widely applied in food processing and 

pharmaceuticals. Yet, the relationship between KGM interactions with other polysaccharides and 

their effects on processing properties and health outcomes remains unclear. A review addresses this 

gap by analyzing recent studies on KGM-based binary thermodynamic compatibility systems, 

classified by fundamental gel models. Strategies for tailoring gel properties and their impacts on food 

production, nutrient digestion, and health are highlighted. Future food development should 

integrate structural food theory and colloidal nutrition within the framework of soft matter physics, 

chemistry, biology, and engineering to drive innovation [27]. Salecan, a novel food polysaccharide, 

was combined with deacetylated KGM to fabricate multifunctional hydrogels (KGSs) via scalable 

thermal crosslinking. This overcame konjac’s poor mechanics and processing issues. The hydrogels 

showed distinct viscoelasticity, shear thinning, self-recovery, and creep behaviors: KGSE had the 

lowest activation energy (25.9 kJ/mol), KGSD the highest creep compliance (1.003 1/Pa) and freezing 

resistance (−19.8 °C), and KGSA the best recovery (71.4%). As the first study on Salecan/Konjac 

biogels, this work demonstrates their low-temperature resistance, easy processability, and self-

recovery, with potential in food, preservation, and biomedical applications [28]. More recently, guar 

gum as a high-viscosity dietary fibers showed improved gut integrity and microbial community in 

high-fat diet-fed mice [29]. Therefore, mannans, especially galactomannans and KGM, are valuable 

for their viscosity-driven functions in food and biomedical applications. Yet, how their interactions 

with other polysaccharides translate into processing and health effects remains poorly understood. 

Addressing these gaps through integrative approaches in soft matter science and nutrition will be 

key to developing next-generation functional foods and biomaterials. 

4.3. Gelling Properties 

The ability of mannans to form gels is another critical property, particularly in mixtures with 

other polysaccharides. Galactomannans synergistically interact with xanthan gum or carrageenan to 

form strong, elastic gels with enhanced water retention  [30]. The gelling capacity is exploited in the 

food industry for texture modification and in biomedical fields for hydrogel-based drug delivery [9]. 

Polysaccharide-based gels, increasingly recognized alongside traditional protein gels, play key roles 

in Southeast Asian foods (e.g., liangfen, konjac tofu, grass jelly) and involve pectin, tamarind seed 

xyloglucan, KGM, and Mesona chinensis polysaccharide. Their gelling mechanisms support 

applications in food, delivery systems, tissue engineering, wound dressings, and adsorption. Future 

directions focus on enhancing flexibility, creating composite systems, and developing stimuli-

responsive hydrogels comparable to synthetic gels [31]. A pH-responsive hydrogel (FA/β-CD@CG-

HA-Zn) made from cationic guar gum and hyaluronic acid, with Zn²⁺ and ferulic acid/β-cyclodextrin 

complexes, adapts to irregular wounds and enables pH-triggered drug release. It exhibits strong 

antibacterial activity and accelerates healing by modulating immunity and promoting 
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vascularization, making it a promising dressing for infected wounds [28]. A fully plant-based 

hydrogel combining TEMPO-oxidized cellulose nanofibrils and Aloe vera polysaccharides exhibited 

high viscoelasticity, low shrinkage, and improved strength (2.7–13.2 kPa). Structural analyses 

showed synergistic interactions with cellulose, providing rigidity and Aloe vera adding flexibility, 

offering a sustainable alternative for biomedical use [32]. Therefore, mannans and their derivatives 

serve as versatile gelling agents whose synergistic interactions with other polysaccharides underpin 

applications from traditional foods to advanced biomedical hydrogels. While recent studies highlight 

their potential in drug delivery, wound healing, and sustainable biomaterials, further research is 

needed to optimize gel flexibility, composite design, and stimuli responsiveness to fully match or 

surpass synthetic counterparts. 

Mannans exhibit diverse gelling behaviors depending on their structural features and 

interactions with other polysaccharides. Galactomannans such as guar gum and locust bean gum do 

not form strong gels on their own but display synergistic gelation when combined with xanthan gum, 

carrageenan, or agar, where the degree of galactose substitution determines solubility and gel 

strength [10,26].  KGM, in contrast, can form thermally irreversible gels after alkali treatment, as 

deacetylation promotes intermolecular aggregation into a three-dimensional network [33]. These 

synergistic and self-gelling properties underpin their wide applications in food systems, where 

mannans act as stabilizers and texture modifiers, and in biomedical hydrogels for controlled drug 

release and wound healing [27,28] 

4.4. Biodegradability and Biocompatibility 

Like other polysaccharides, mannans are biodegradable and biocompatible, making them 

attractive as sustainable biomaterials. They are degraded by endo-β-mannanases, β-mannosidases, 

and α-galactosidases, producing oligosaccharides that are non-toxic and often exhibit prebiotic and 

immunomodulatory properties [4]. Acetylated mannans, such as softwood galactoglucomannans, 

exhibit reduced enzymatic accessibility, but controlled deacetylation improves biodegradability and 

processing potential [5].  

Mannan, a major hemicellulose component, is widely found in plants. β-Mannanase, the main 

mannan-degrading enzyme, cleaves β-1,4-linked mannosidic bonds and is largely produced by 

microorganisms. With broad pH and temperature tolerance, microbial β-mannanases have 

applications in pharmaceuticals, feed, paper pulping, and biorefineries. This review summarizes their 

origin, classification, properties, modification, immobilization, and applications, and outlines future 

research directions [34]. Self-assembled mannan nanogels are designed for targeted therapeutic and 

vaccine delivery via mannose receptors on antigen-presenting cells [35]. Studies show that in human 

plasma, a specific protein corona—mainly apolipoproteins B-100, A-I, E, and albumin—forms slowly 

around the nanogels with minimal structural changes. Mannan nanogels do not affect blood 

coagulation and slow fibril formation of amyloidogenic proteins. These findings demonstrate the 

high biocompatibility and biosafety of these nanomaterials, supporting their potential use in 

biomedical applications and providing a molecular framework for assessing nanomaterial safety. 

Mannan, along with other edible polysaccharides, is used in protein-polysaccharide nanoconjugates 

as a biocompatible and biodegradable building block for the nanoencapsulation of nutraceuticals 

[36]. These mannan-based nanostructures enhance the stability, delivery, and bioavailability of plant-

derived bioactive compounds in food applications, leveraging its physicochemical properties and 

ability to form covalent networks with proteins such as gelatin, soy, or zein. This highlights the 

potential of mannan-containing nanoconjugates as functional delivery systems in food 

nanotechnology. Porous microgels loaded with mannan oligosaccharides (MOS) offer a drug-free, 

bioinspired strategy for managing inflammatory bowel disease (IBD) by mimicking intestinal cell 

binding sites [37]. These microgels attract adherent-invasive Escherichia coli via FimH, preventing 

gut colonization. In a mouse model, MOS microgels reduce inflammation, decrease harmful bacteria, 

and enhance microbial diversity, demonstrating a non-antibiotic approach to restore gut microbial 

balance. Therefore, mannans represent versatile, biodegradable, and biocompatible biomaterials with 
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wide-ranging applications. Their ability to form nanogels, nanoconjugates, and microgels enables 

targeted drug delivery, nutraceutical encapsulation, and gut microbiota modulation, highlighting 

their potential as sustainable platforms in food, biomedical, and therapeutic technologies. 

4.5. Functional Modifications 

Chemical modifications, such as acetylation, carboxymethylation, and sulfation, can alter the 

solubility, charge distribution, and bioactivity of mannan. Sulfated mannans from marine algae, for 

example, display unique physicochemical profiles that enable anticoagulant and antiviral activities [18]. 

These modifications expand their potential applications in biomedical, food, and pharmaceutical sectors.  

In summary, the physicochemical versatility of mannans—from insoluble structural polymers 

to highly soluble hydrocolloids—underlies their widespread use as functional biopolymers in diverse 

industries [38]. Their tunable properties make them particularly valuable as renewable, 

biodegradable, and biocompatible materials for emerging biotechnological applications. 

5. Natural Sources of Mannans 

Mannans are widely distributed in nature, occurring in plants, microorganisms, and marine 

organisms, where they serve both structural and functional roles. Their abundance and diversity of 

sources make them an important class of renewable biopolymers (Figure 1). 

 

Figure 1.  Distinguished resources of mannans. 

5.1. Plant Sources 

In higher plants, mannans are prominent constituents of the hemicellulosic fraction of cell walls, 

especially in seeds and woody tissues. Leguminous seeds such as guar (Cyamopsis tetragonoloba) and 

locust bean (Ceratonia siliqua) are rich in galactomannans, which accumulate in the endosperm as 

reserve carbohydrates for seed germination [4,5]. In softwoods (gymnosperms), glucomannans and 

GGMs account for up to 20% of dry weight, playing a vital role in secondary wall architecture and 

mechanical stability [39]. Tropical plants such as ivory nuts contain linear mannans, which represent 

relatively rare homopolymers in nature [3].  Galactomannans from Gleditsia fruit seeds (GSGs) are 

extracted using methods like hot water, microwave, and ultrasonic techniques, showing molecular 

weights from 0.018 × 10³ to 2.778 × 10³ kDa with mannose, galactose, glucose, and arabinose as main 
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constituents. They demonstrate strong antioxidant, hypoglycemic, hypolipidemic, and anti-

inflammatory activities with high bioavailability, biocompatibility, and biodegradability. Owing to 

these properties, GSGs hold promising applications in food, pharmaceuticals, packaging, and 

agriculture, though further research is needed to overcome current limitations [40]. 

Mannan, a key polysaccharide in softwoods and other plants, varies widely in composition and 

structure. Its complete hydrolysis requires multiple enzymes acting synergistically. Studies show that 

supplementing β-mannanases with β-mannosidases or α-galactosidases can enhance hydrolysis, 

though effects differ: mannosidases may compete with mannanases, while α-galactosidases from 

different families display varying synergistic behaviors. A deeper understanding of these interactions 

is crucial for improving sugar yields and optimizing enzyme mixtures. This review highlights current 

knowledge gaps and their relevance to efficient conversion of mannan-rich biomass, such as 

softwoods, into fermentable sugars for bioethanol production [41]. 

Next-generation biomaterials seek to unite mechanical strength with biological function. Plant-

derived glucomannans such as KGM and Bletilla striata polysaccharide (BSP) show promise for drug 

delivery and wound dressings due to their gelling ability, biocompatibility, modifiability, and 

bioactivities, underscoring their biomedical potential[42,43]. Other study assessed pressurized hot water 

extracts from Norway spruce bark and birch sawdust, which were rich in galactoglucomannan and 

glucuronoxylan. The extracts protected erythrocytes, showed antidiabetic activity, and were non-toxic to 

human cells, highlighting their promise as safe, sustainable food ingredients [44]. In summary, mannan-

based polymers and their combinatorial pharmaceutical formulations represent an emerging research 

frontier, with a new generation of products expected to reach the market in the near future. 

5.2. Microbial Sources 

The interplay between mannans and microbes was first highlighted in seminal studies revealing 

that immune lectins can specifically recognize and bind mannans (for a review, see [45]. Mannans are 

integral components of fungal and yeast cell walls, where they are covalently linked to proteins 

forming mannoproteins. In Saccharomyces cerevisiae and pathogenic fungi such as Candida albicans, cell 

wall mannans are recognized by host immune receptors, making them crucial in pathogenesis and 

host–pathogen interactions [7]. Mannans derived from S. cerevisiae and other yeasts exhibit diverse 

bioactivities, including immunomodulatory, antioxidant, antiviral, and gut microbiota, modulating 

effects. Their structure-dependent functionalities position them as promising sustainable ingredients 

for food, feed, and pharmaceutical applications [46]. Hemicellulose is a diverse group of 

polysaccharides whose degradation requires multiple hemicellulases. Beyond traditional 

Trichoderma and Aspergillus sources, Penicillium and Talaromyces have emerged as promising 

producers. Their enzymes offer new opportunities for lignocellulosic biomass valorization in a 

circular economy (for a review, see [47]). The opportunistic yeast Cryptococcus neoformans has a 

polysaccharide capsule, a key virulence factor. Notably, mannans play a central role in capsule 

architecture: one major component is a mannan polymer substituted with xylose and glucuronic acid, 

while a second polysaccharide, a galactan, carries galactomannan side chains decorated with varying 

amounts of these sugars. Mannoproteins within the underlying cell wall further emphasize the 

importance of mannans in the structural integrity and host interactions of C. neoformans. Advances in 

this field have revealed how mannan-rich structures reinforce the biology and pathogenicity of C. 

neoformans and suggest new opportunities to target mannan synthesis and organization in antifungal 

strategies (for a review, see [48]). In sum, many microbes express enzymes for the biosynthesis and 

biodegradation of mannans, and many researchers are involved in this case. For example, 

Debaryomyces hansenii Y4 possess mannosidase [49]. Research on antibiotic alternatives has 

highlighted yeast cell wall β-glucan and mannan as promising substitutes for preventing and treating 

animal diseases, helping curb antibiotic resistance. These polysaccharides enhance gut health, 

immunity, antioxidant capacity, and mycotoxin adsorption, with their activities further improved by 

structural modification or molecular weight reduction [50]. In sum, mannans are multifunctional 

polysaccharides central to microbial physiology, host–pathogen interactions, and biotechnological 
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applications. They serve as structural components in fungal and yeast cell walls, contribute to 

virulence in pathogens like Cryptococcus neoformans, and act as immunomodulatory and bioactive 

compounds in food, feed, and pharmaceuticals. Microbial enzymes both synthesize and degrade 

mannans, enabling biomass valorization and supporting alternatives to antibiotics, while structural 

modifications of mannans further enhance their functional properties. 

Certain bacteria also produce extracellular mannans, often contributing to biofilm formation and 

immune evasion [51]. This study provides the first proteomic analysis of Chitinophaga pinensis’s 

biomass-degrading machinery, with a focus on mannan, a major plant hemicellulose. Several novel 

mannan-degrading enzymes were identified, along with substrate-specific Polysaccharide 

Utilization Loci, revealing how the bacterium targets mannan and other biomass components for 

nutrient acquisition. These findings highlight mannan-active enzymes as promising candidates for 

future biotechnological applications [52]. This study analyzed the structure and properties of a 

mannan exopolysaccharide from the cold-adapted bacterium Psychrobacter arcticus [20]. Therefore, 

mannans play dual roles in both microbial physiology and biotechnology: as structural and 

functional components in bacterial biofilms and as substrates for novel mannan-degrading enzymes, 

while their exopolysaccharide forms from cold-adapted bacteria reveal unique structural features 

with potential functional applications. 

5.3. Marine Sources 

Marine organisms provide unique mannans, particularly sulfated mannans isolated from red 

and green algae. These structurally modified mannans exhibit bioactive properties, including 

anticoagulant, antiviral, and immunomodulatory activities, making them promising candidates for 

biomedical exploitation [18]. Brown algae, while dominated by alginates, also contain mannan 

derivatives contributing to their cell wall complexity [53]. Marine-derived mannans, particularly 

sulfated forms, exhibit broad-spectrum antiviral activity against viruses such as HIV, HSV, influenza, 

hepatitis C, and dengue. Their mechanisms involve blocking viral attachment, entry, or replication, 

often through sulfate-mediated interactions. These structurally diverse marine mannans hold 

significant promise as leads for developing next-generation antiviral therapeutics [54]. Marine green 

algae are rich sources of structurally diverse sulfated polysaccharides, including ulvans, rhamnans, 

arabinogalactans, galactans, and sulfated mannans. These compounds exhibit broad bioactivities—

anticoagulant, antiviral, antioxidant, antitumor, immunomodulatory, antihyperlipidemic, and 

hepatoprotective—highlighting their potential for nutraceutical and medical applications [55]. 

Sulfated polysaccharides from the green alga Codium fragile are particularly noteworthy for their 

unique structures, pyruvylated β-d-galactan sulfates, sulfated arabinogalactans, sulfated β-l-

arabinans, and sulfated β-d-mannans, and broad bioactivities, including anticoagulant, immune-

enhancing, anticancer, antioxidant, and drug-delivery functions. One review highlights the structural 

and functional diversity of Codium sulfated polysaccharides and addresses strategies to overcome 

industrial challenges in production, purification, and quality control [55]. A mannan (HPA) from the 

marine fungus Hansfordia sinuosae alleviated ulcerative colitis in mice. HPA reduced inflammation by 

suppressing NLRP3, TNF-α, and IL-1β, increased IL-10, repaired the colonic barrier, and restored gut 

microbiota balance by promoting beneficial bacteria like Bifidobacterium. Additionally, HPA 

mitigated depression-like behavior, highlighting its potential as a mannose-based therapeutic or 

functional food for colitis and related mood disorders [28]. In sum, marine-derived mannans, 

particularly sulfated forms from red and green algae and mannans from marine fungi, exhibit diverse 

bioactivities, including antiviral, anticoagulant, immunomodulatory, antioxidant, anticancer, and 

gut-protective effects. Their structural diversity, such as sulfation or pyruvylation, underlies these 

functions, making them promising candidates for biomedical, nutraceutical, and therapeutic 

applications. Mannose-based marine polysaccharides, like HPA from Hansfordia sinuosae, further 

demonstrate potential in treating inflammatory disorders and modulating gut microbiota. 
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5.4. Industrial Sources  

Commercially, mannans are primarily extracted from leguminous seeds (such as guar gum and 

locust bean gum) and softwood pulping residues (galactoglucomannans)[10,39]. These sources 

represent scalable and cost-effective feedstocks, enabling their use in food, pharmaceuticals, the 

paper industry, and biomaterial applications. Microbial mannanases are biotechnologically 

important enzymes that hydrolyze complex plant polysaccharides into simple sugars such as manno-

oligosaccharides and mannose. Widely applied in the paper and pulp industry, they are now also 

used in food, feed, coffee extraction, oil drilling, and detergents. Mannan, the main hemicellulose in 

softwoods, is hydrolyzed by β-mannosidases, exo-acting enzymes that release mannose from 

mannooligomers and mannobiose. Produced mainly by bacteria and fungi, these enzymes are often 

extracellular and active across broad pH and temperature ranges. They have applications in 

bioethanol production, alkyl glycoside synthesis, and pharmaceuticals. One review summarizes 

microbial mannosidases with emphasis on their sources, production, properties, cloning, and 

biotechnological uses [56]. While mannanases are produced by microorganisms, plants and animals 

also contribute. Bacterial mannanases are mainly extracellular and active across broad pH and 

temperature ranges, with acidic and neutral forms being most common. Other review emphasizes 

microbial mannanases, covering mannan structure, enzyme complexes for its degradation, sources, 

production, and industrial applications [57]. 

Mannans are widely distributed in plants. Their complete degradation requires β-mannanases, 

β-mannosidases, β-glucosidases, and accessory enzymes such as α-galactosidases and acetyl mannan 

esterases. Mannanases are produced by bacteria, fungi, actinomycetes, plants, and animals, with 

microbial enzymes—mostly extracellular and active across broad pH and temperature ranges—being 

the most industrially relevant. Owing to these properties, microbial mannanases are applied in pulp 

and paper, pharmaceuticals, food, feed, oil, and textiles. Other review highlights recent advances in 

microbial sources, production, enzyme properties, heterologous expression, and industrial 

applications [56]. Renewable biomaterials and functionalized biopolymers are gaining industrial 

importance as sustainable alternatives to fossil-based polymers. Plant polysaccharides, in natural or 

modified forms, are widely applied in biomedical, food, feed, and packaging sectors. Enzymatic 

modifications further expand their potential. This review summarizes recent advances in enzymatic 

oxidation of galactomannans (GM) from leguminous plants, with emphasis on the versatile 

laccase/TEMPO system. This reaction induces polymer cross-linking, transforming GM solutions into 

elastic gels that, upon lyophilization, yield stable aerogels. Such aerogels show promise as delivery 

systems for bioactives, demonstrated with antibiotics, antimicrobial peptides, enzymes, and 

industrial microbiocides. Their advantages and future application prospects are discussed [58]. 

Sustainable industry practices promote converting production waste into valuable by-products. 

Spent Saccharomyces cerevisiae from fermentation, often used as animal feed or discarded, can instead 

provide mannans and mannan oligosaccharides (MOS). Other review summarizes chemical, 

enzymatic, and physical methods for extracting mannans and producing MOS, as well as chemical 

modifications to enhance their properties. Key bioactivities, potential applications, and commercially 

available products containing mannans, MOS, and mannose are also discussed [59]. β-

Mannooligosaccharides (β-MOS) are emerging prebiotics derived from β-mannan that selectively 

promote beneficial gut microbiota and produce health-promoting metabolites like short-chain fatty 

acids. They also exhibit additional bioactive properties. Enzymatic production using β-mannanases 

is the most efficient and eco-friendly method. Still, large-scale application requires optimized 

production conditions, low-cost substrates, and further in vivo and clinical validation. This review 

summarizes β-MOS production, characterization, bioactivities, structural-functional relationships, 

and in vivo studies, highlighting research gaps and future prospects for their use as prebiotics, 

functional foods, and therapeutic agents [60]. Overall, the diverse sources of mannans reflect their 

evolutionary conservation and functional versatility, ranging from structural components in plants 

to immune-modulating molecules in microbes and algae. This diversity also broadens their potential 

as sustainable biopolymers for industrial and biomedical applications. 
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6. Biological Functions and Bioactivities  

Mannans are not only structural polysaccharides but also exhibit a broad spectrum of biological 

activities, making them valuable in both natural ecosystems and biomedical applications (Figure 2). 

Their bioactivity is determined by their molecular structure, degree of branching, and chemical 

modifications [4,9].  

 

Figure 2.  Various effects of mannans in the biomedical science. 

6.1. Prebiotic Effects  

Mannan-derived oligosaccharides (MOS) are widely recognized as prebiotics that resist 

digestion in the upper gastrointestinal tract and are fermented in the colon, selectively stimulating 

beneficial microbes such as Bifidobacterium and Lactobacillus species [61]. This fermentation produces 

short-chain fatty acids that support gut health and immune regulation, leading to the incorporation 

of MOS into functional foods and animal feeds to enhance performance and disease resistance. Yeast-

derived mannoproteins also hold promise as bioactive agents for probiotic delivery by improving 

adhesion, survival, and prebiotic effects, with optimized extraction methods enabling their use in 

synbiotic formulations [62]. In parallel, natural gums such as gum Arabic, guar gum, and xanthan 

gum have been evaluated as prebiotic sources for synbiotic foods, though challenges, including 

microbial degradation, viscosity loss, and solubility remain [63]. 

Beyond traditional food applications, mannans and their derivatives exhibit broad biomedical 

potential. MOS produced enzymatically from agro-residues show advantages over chemical methods 

and are already commercialized from yeast cell walls for poultry and aquaculture feeds [64]. KGM 

has demonstrated prebiotic, anti-inflammatory, and antitumor properties [65]. In neurological 

contexts, MOS improved cognition, reduced amyloid accumulation, and preserved gut integrity in 

Alzheimer’s disease mouse models [66]. Similarly, yeast α-mannans support beneficial microbial 

fermentation patterns [67], while different mannan substrates—such as guar, locust bean, and konjac 

show distinct effects on short-chain fatty acid production and microbial shifts [68]. Advances in 

metabolic engineering have further enhanced mannan content in Saccharomyces boulardii, improving 

its adhesion and selective probiotic-promoting capacity [69].  

The prebiotic potential of mannans extends into diverse sources and applications. Mushroom-

derived mannans and related polysaccharides support probiotic growth while offering antioxidant 

and medicinal benefits [70]. In the gut, Bacteroidota and Bacillota exploit mannan diversity using 

specialized enzymes and transport systems, linking dietary mannans to microbial foraging strategies 

and host metabolism [71]. In animal production, synbiotics combining MOS with probiotics 

improved growth and health in poultry [72], while mannan-rich fractions reduced pathogenic 

microbes and antimicrobial resistance genes in laying hens [73]. In aquaculture, dietary MOS 
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enhanced growth, immunity, and stress resilience in tilapia [74]. Collectively, mannans and their 

derivatives function as versatile prebiotics with applications across food, biomedical, and animal 

health sectors. Their structural diversity enables targeted modulation of gut microbiota, immune 

responses, and even neuroprotection, while ongoing innovations in extraction, fermentation, and 

metabolic engineering continue to expand their functional potential. 

6.2. Immunomodulatory Activities 

Mannans and mannan-derived oligosaccharides exert strong immunomodulatory effects by 

interacting with pattern recognition receptors such as mannose receptors, Toll-like receptors, and 

dectin-2 on immune cells [75]. Yeast-derived mannans activate macrophages, stimulate cytokine 

secretion, and enhance antigen presentation, thereby bridging innate and adaptive immunity [7]. 

Sulfated mannans from algae further demonstrate anti-inflammatory activity through modulating 

nitric oxide and cytokine production [18]. Their diverse immunological roles underscore their 

potential in regulating host defense and inflammation. 

Clinical and molecular studies highlight additional complexities of mannan–immune system 

interactions. Anti-Saccharomyces cerevisiae antibodies (ASCA), which target yeast mannans, are widely 

used to differentiate Crohn’s disease from ulcerative colitis, yet their heterogeneity, generation, and 

persistence remain unresolved [76]. Beyond natural immune responses, mannan-based 

glycomimetics are being developed to mimic fungal mannans and target phosphodiester linkages 

critical for eliciting antifungal immunity against pathogens like Candida albicans and Candida auris 

[77]. Together, these findings position mannans as both natural immune modulators and engineered 

immunotherapeutic platforms. 

Applications of mannans in biomedicine continue to expand. KGM, with strong water retention 

and gel-forming properties, can be chemically modified to enhance solubility, viscosity, and 

mechanical strength, while regulating macrophage polarization in contexts such as wound healing, 

IBD, cancer therapy, and vaccine delivery [78]. Conjugating mannans with protein antigens, such as 

the Mycobacterium tuberculosis fusion protein, has significantly enhanced vaccine immunogenicity, 

driving robust cytokine responses, T cell proliferation, and antibody production [42]. Similarly, in 

aquaculture, mannans have been shown to induce trained immunity in pufferfish, elevating oxidative 

and metabolic responses that improve resistance to bacterial pathogens [79]. In sum, mannans act as 

versatile immunomodulators capable of enhancing innate memory, shaping adaptive immunity, and 

serving as adjuvants or structural platforms in vaccines and therapeutics. Their ability to influence 

both host and pathogen interactions underscores their promise as multifunctional agents in human 

health, veterinary applications, and immunotherapy. 

6.3. Antimicrobial Effects 

Mannans and their derivatives exhibit notable antiviral activities, primarily by functioning as 

immunomodulatory adjuvants and viral entry inhibitors. Sulfated mannans from marine algae can 

block viral adsorption and replication while enhancing host antiviral immunity [80,81]. Oxidized 

mannans have been tested as vaccine adjuvants, significantly improving immune responses in 

veterinary rabies vaccines [82]. Similarly, D-galacto-D-mannan has been identified as a potent Dectin-

2 agonist that boosts both humoral and cellular immune responses in foot-and-mouth disease 

vaccines in mice and pigs [83]. Mannan-based adjuvants are increasingly incorporated into vaccine 

formulations to enhance antigen presentation, cytokine production, and antibody generation, 

positioning them as promising candidates for next-generation antiviral strategies [84].  

Mannans and mannan-derived oligosaccharides (MOS) exhibit notable antibacterial effects 

through multiple mechanisms, including blocking pathogen adhesion, modulating host immunity, 

and reshaping the gut microbiota. Yeast-derived MOS can bind to type-1 fimbriae of enteric 

pathogens such as Escherichia coli and Salmonella enterica, thereby preventing their colonization of the 

intestinal epithelium [85]. In poultry and livestock, dietary supplementation with MOS has been 

shown to reduce pathogenic bacterial loads, particularly Salmonella and Clostridium perfringens, 
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while simultaneously enriching beneficial Lactobacillus and Bifidobacterium populations [73,86]. 

Mannan-rich fractions (MRFs) from yeast cell walls also attenuate the abundance of antimicrobial 

resistance-associated pathogens, including Escherichia and Brachyspira, supporting their role as 

sustainable antibiotic alternatives [73]. In aquaculture, MOS supplementation improved disease 

resistance in fish by reducing Aeromonas and Vibrio infections, alongside enhancing immune gene 

expression and gut health [74]. Together, these findings highlight mannans as multifunctional 

antibacterial agents with applications in food safety, animal health, and microbiome modulation. 

Mannans, particularly those derived from yeast and fungi, display significant antifungal properties 

by modulating host immune responses and interfering with fungal cell wall recognition. Yeast mannans 

act as pathogen-associated molecular patterns (PAMPs) that are recognized by pattern recognition 

receptors such as dectin-2, mannose receptor, and Toll-like receptors, leading to macrophage activation, 

cytokine release, and enhanced antifungal immunity [7]. ASCA which target yeast mannans, have been 

used as biomarkers for fungal-associated immune disorders and highlight the immunogenicity of 

mannans in antifungal responses [76]. Moreover, synthetic mannan glycomimetics designed to mimic 

fungal mannans have emerged as promising candidates for vaccine adjuvants, enhancing immune 

recognition and response against pathogenic fungi such as Candida albicans and Candida auris [77]. Sulfated 

mannans from marine algae also demonstrate direct antifungal effects by inhibiting fungal growth and 

reducing inflammatory damage, further expanding their therapeutic potential [18]. Collectively, mannans 

function both as immune modulators and direct antifungal agents, making them valuable for antifungal 

therapy and vaccine development. 

Direct evidence that mannans themselves kill helminths is scarce. Most support points to 

indirect anthelmintic effects, immune modulation, microbiome shifts, and barrier enhancement, 

rather than a classical worm-killing (vermicide) action. Mannans have little direct, well-documented 

vermicidal activity, but they can reduce helminth burden indirectly by strengthening host defenses 

and altering the gut environment: mannose-recognition pathways (e.g., the mannose receptor) shape 

host immune responses to helminths and can promote anti-inflammatory or protective programs [87]. 

Dietary mannan-rich yeast fractions and MOS modify gut barrier function and the microbiome, 

which in some animal studies is associated with reduced susceptibility to ecto- or endo-parasites or 

improved host resistance [88,89]. Reviews of glycoconjugates in host–helminth interactions 

emphasize that helminths and host immune systems use mannans and related glycans as signals, but 

they do not report mannans as direct anthelmintics [90]. In sum, current evidence supports immune-

mediated and microbiome-mediated anti-helminth effects of mannan preparations rather than direct 

worm-killing activity, and targeted studies testing purified mannans (and defined MOS) against 

helminths in vitro and in vivo are needed to settle the question. 

6.4. Antioxidant and Anticancer Activities 

Mannans and mannan-derived oligosaccharides (MOS) have been increasingly recognized for 

their antioxidant properties, which complement their prebiotic and immunomodulatory roles. 

Mannans and their derivatives also exhibit antioxidant activity, scavenging free radicals and 

reducing oxidative stress [91,92]. Acemannan, a bioactive acetylated mannan derived from Aloe vera, 

has been extensively studied for its potential anticancer effects, which include enhancing immune 

responses against tumors and improving the efficacy of chemotherapeutic agents [93]. Its ability to 

stimulate macrophages and T-lymphocytes makes it a promising candidate in cancer 

immunotherapy. Yeast-derived mannans can scavenge free radicals and reduce oxidative stress 

through enhancing endogenous antioxidant enzyme activities such as superoxide dismutase (SOD), 

catalase (CAT), and glutathione peroxidase (GSH-Px) [94,95]. Sulfated mannans from marine algae 

exhibit even stronger antioxidant activity, attributed to their high sulfate substitution, which 

enhances hydrogen-donating ability and metal-chelating capacity [96]. Mannan oligosaccharides 

have also been reported to lower malondialdehyde (MDA) levels and restore redox balance in vivo, 

suggesting protective effects against lipid peroxidation and oxidative damage [50]. These findings 
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highlight mannans as promising natural antioxidants, with potential applications in functional foods, 

nutraceuticals, and biomedical formulations aimed at mitigating oxidative stress-related disorders. 

Mannans and their derivatives have demonstrated anticancer potential through multiple 

mechanisms, including immune modulation, apoptosis induction, and inhibition of tumor progression. 

Yeast-derived mannans, particularly mannoproteins, can activate macrophages and dendritic cells via 

mannose receptors and Toll-like receptors, leading to cytokine secretion (e.g., TNF-α, IL-6) and 

stimulation of antitumor immune responses [7]. Sulfated mannans from marine algae exhibit strong 

anticancer activity by inducing cell cycle arrest and apoptosis, partly attributed to their ability to modulate 

oxidative stress and inhibit tumor angiogenesis [97]. KGM and its derivatives also show promise as 

anticancer agents: modified KGM enhances drug delivery efficiency, promotes apoptosis in cancer cells, 

and reduces tumor growth in vivo [78]. Additionally, mannan-based vaccine adjuvants, such as mannan–

antigen conjugates, have been developed to boost antitumor immunity by enhancing antigen presentation 

and T-cell activation [42]. Plasticizers such as di-(2-ethylhexyl) phthalate and its metabolite mono-(2-

ethylhexyl) phthalate promote drug resistance and stemness in colorectal cancer cells. Other study 

evaluated Aloe vera polysaccharides (fractions A50 and I50) for their anticancer potential. Both fractions 

modulated phthalate-induced glycosylation changes, with A50 reducing cell viability in a dose-

dependent manner, while I50 more effectively inhibited migration, invasion, and stemness. These distinct 

effects, likely due to structural differences, suggest Aloe vera polysaccharides as promising candidates for 

anticancer therapy and warrant further clinical investigation [98]. Collectively, these findings highlight 

mannans as multifunctional candidates for anticancer strategies, both as direct bioactives and as 

carriers/adjuvants in immunotherapy. 

6.5. Wound Healing and Tissue Regeneration 

Mannans have emerged as promising biomaterials for wound healing and tissue regeneration 

due to their biocompatibility, biodegradability, and ability to modulate immune and cellular 

responses. Plant-derived mannans, such as KGM, are valued for their water retention, viscosity, and 

gel-forming capacity, which support moist wound environments and promote cell proliferation. 

Chemical modifications of KGM (e.g., oxidation, acetylation, cationization) further enhance its 

mechanical strength, bioactivity, and ability to regulate macrophage polarization, thereby 

accelerating wound repair and reducing inflammation [78]. Yeast-derived mannans and 

mannoproteins act as immunomodulators by stimulating macrophages and dendritic cells, 

enhancing cytokine production, and promoting angiogenesis, which are essential for tissue 

regeneration [7]. Additionally, mannose-functionalized hydrogels and nanogels have been 

engineered as drug-delivery dressings for wounds, enabling controlled release of antimicrobials, 

growth factors, or anti-inflammatory agents, while supporting vascularization and re-

epithelialization [28]. Collectively, these properties highlight mannans as multifunctional candidates 

for next-generation wound dressings and regenerative biomaterials. Bioactive mannans such as 

acemannan also promote wound healing by stimulating fibroblast proliferation, collagen deposition, 

and angiogenesis [99]. Their biocompatibility, biodegradability, and ability to form hydrogels make 

them suitable as scaffolds in tissue engineering and regenerative medicine[9]. One study explored 

acemannan-coated, cobalt-doped biphasic calcium phosphate nanoparticles for bone regeneration. 

The nanoparticles (>90% cell viability) promoted proliferation, osteogenic differentiation, and 

calcium deposition without altering MC3T3-E1 morphology. They reduced M1 markers (iNOS, 

CD68) and enhanced M2 markers (CD206, CD163, Arg-1), creating a pro-healing immune 

microenvironment. Findings demonstrate, for the first time, that combining acemannan and cobalt 

supports osteogenesis via immunomodulation, offering a novel strategy for bone repair [100]. 

Therefore, mannans are multifunctional biomaterials that support wound healing and tissue 

regeneration by enhancing fibroblast growth, collagen deposition, angiogenesis, and immune 

modulation. From natural sources like glucomannan and acemannan to engineered hydrogels and 

nanocomposites, they offer strong potential for next-generation dressings and regenerative scaffolds. 
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7. Industrial and Biomedical Applications of Mannans 

Due to their unique structural diversity, physicochemical versatility, and biological activities, 

mannans and their derivatives have found widespread applications in food, pharmaceutical, 

biomedical, and environmental sectors (Figure 3). Their biodegradability, non-toxicity, and 

biocompatibility further strengthen their role as sustainable biopolymers for industrial innovation 

[5,9]. For example, lithium-ion batteries (LIBs) have become essential for portable electronics and are 

now critical for hybrid and electric vehicles since the 1990s. Despite their high energy density, LIBs 

face challenges such as cost, safety risks, and limitations of polyvinylidene fluoride binders, which 

are costly, hard to recycle, and unstable at high temperatures. A mini-review highlights guar gum as 

an alternative binder for electrodes and separators, comparing its electrochemical performance with 

that of conventional binders [101,102]. Industrial applications extend further: mannan-degrading 

enzymes are employed in juice clarification, viscosity reduction, and biomass conversion for biofuels, 

adding economic and environmental value to agricultural and forestry residues [3,103]. Here, we 

discuss the applications of mannans and their derivatives in various industrial sectors (vide infra). 

 

Figure 3. Mannans at the intercept of various industries. 

7.1. Food, Feed, and Nutraceutical Industry 

Mannans and their derivatives, including galactomannans, glucomannans, and mannan-

oligosaccharides (MOS), have diverse applications across food, feed, and nutraceutical sectors. In 

foods, galactomannans such as guar gum and locust bean gum act as thickeners, stabilizers, and 

emulsifiers, improving texture, shelf-life, and mouthfeel under different processing conditions 

[10,33,103]. KGM is widely used for gelation and thickening, with nutritional and functional benefits 

linked to viscosity, solubility, and deacetylation [42]. Beyond food use, mannans derived from wood 

and other biomass represent underexploited but sustainable resources with potential as novel dietary 

fibers and functional ingredients [104]. In human nutrition, MOS and partially hydrolyzed guar gum 

(PHGG) have shown clinical benefits as prebiotics. PHGG improved stool form and increased 

Bifidobacterium abundance in irritable bowel syndrome patients [105], while a fiber supplement 

containing KGM, galacto-oligosaccharides, and Bifidobacterium exopolysaccharides reduced HbA1c 

and fasting glucose in prediabetic individuals through microbiota modulation [106]. 

In livestock and poultry, MOS are well established as alternatives to antibiotic growth 

promoters. In poultry, MOS supplementation improved carcass traits, reduced fat and cholesterol, 

enhanced antioxidant activity, and supported gut integrity [107]. In swine, MOS improved immune 

responses, nutrient utilization, and gut metabolites, with β-mannanase supplementation enhancing 
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growth and feed efficiency, though responses vary by age and production stage [15,108]. In 

ruminants, MOS improved growth, feed efficiency, and disease resistance, with benefits observed in 

calves [109], beef cattle [110], and rabbits, where MOS enhanced gut health and productivity [111]. In 

aquaculture, MOS supplementation improved immune biomarkers, antimicrobial peptide 

expression, and resistance to bacterial infection in grass carp [112]. Canine studies also suggest MOS 

supplementation supports microbiota diversity, SCFA production, and anti-inflammatory effects in 

IBD [113]. In summary, mannans and their derivatives function as multifunctional bioactive 

polysaccharides—enhancing food quality, acting as prebiotics, supporting gut health, and serving as 

sustainable feed additives across livestock, poultry, aquaculture, and companion animals. Their 

versatility and sustainability highlight strong potential for future innovations in food, feed, and 

health applications. 

7.2. Pharmaceutical and Drug Delivery Systems 

Carbohydrate polymers are vital for targeted drug delivery, especially in colon cancer. 

Modifications enhance drug loading, stability, and release, improving therapeutic efficacy. Chitosan 

nanoparticles are pH-responsive, while pectin resists gastric enzymes, enabling colon-specific 

delivery. Combining these polymers with nanotechnology, 3D printing, and AI allows stimuli-

responsive systems that release drugs precisely in response to pH, redox potential, or colon enzymes, 

reducing toxicity and improving treatment outcomes [114]. Plant-derived hemicelluloses, including 

mannans, xylans, and arabinoxylans, are linear polysaccharides with high biocompatibility, 

biodegradability, and low immunogenicity. Their functional properties, such as cell adhesiveness 

and ease of chemical modification, make them ideal for tissue engineering, drug delivery, and gene 

delivery. Recent advances highlight their versatility and structural diversity, expanding potential 

biomedical applications ([9]. For instance, galactomannans, biodegradable polysaccharides from 

sources like guar, locust bean, and fenugreek gums, are widely studied for drug delivery systems 

including tablets, nanoparticles, hydrogels, and micelles. These nanomaterials show promise in oral 

vaccines, insulin delivery, cancer targeting, wound dressings, and heavy metal removal, with some 

also used in green synthesis of antimicrobial, antioxidant, and anticancer metal nanoparticles. Lesser-

studied galactomannans (cassia, tara, Delonix, etc.) present additional opportunities for biomedical 

applications [115]. 

The biocompatibility and film-forming ability of mannans have led to their exploration in drug 

delivery systems. Mannans can be chemically modified to create targeted drug carriers, particularly 

for liver-specific delivery due to the affinity of mannose receptors expressed on hepatocytes and 

macrophages [103]. Acemannan, an acetylated mannan derived from Aloe vera, has been 

incorporated into oral and topical formulations due to its immunostimulatory, wound-healing, and 

antiviral properties [116]. Additionally, sulfated mannans have been developed as antiviral agents 

due to their ability to inhibit viral attachment and replication [80]. Mannans can be functionalized 

and copolymerized with other compounds. In this case, an Aloe vera mucilage/acrylic acid 

copolymer hydrogel (ALH-g-PAA) was synthesized via free radical copolymerization. Spectroscopic 

studies confirmed its superporous structure, with swelling and porosity. The hydrogel swelled 

strongly at pH 7.4, weakly at pH 1.2, and showed pH-responsive on/off switching. Metoprolol tartrate 

was released in a pH-, time-, and swelling-dependent manner over 24 h, fitting first-order and 

Korsmeyer–Peppas models. ALH-g-PAA was hemocompatible, indicating promise for sustained 

drug delivery [117]. Other researchers developed pH-responsive hybrid cubosomes surface-modified 

with chitosan-N-arginine/alginate and loaded with Aloe vera polysaccharide acemannan [118]. The 

particles achieved high encapsulation and controlled release under gastric and intestinal pH. 

Acemannan induced a phase transition, compressing nanochannels and enhancing release. The 

cubosomes also showed strong affinity for high-curvature membranes and induced vesicle 

remodeling. These smart, structure-responsive bioparticles hold promise for pH-triggered 

gastrointestinal drug delivery and enhanced cellular uptake.  
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Guar gum (GG), a plant-derived polysaccharide, has attracted considerable attention as a 

natural, biocompatible, and biodegradable material for drug delivery applications. Its widespread 

availability, non-toxicity, eco-friendliness, and cost-effectiveness make it an ideal carrier for 

therapeutic agents. Guar gum-based systems, including hydrogels, films, scaffolds, nanoparticles, 

and nanocomposites, have been extensively studied for controlled and sustained drug release 

through oral, buccal, transdermal, intravenous, and gene delivery routes. Recent reviews highlight 

advances in GG-based hydrogels, nanoparticles, and scaffolds, emphasizing their drug loading 

capacity and release profiles that support improved targeted therapies [119,120]. Beyond drug 

delivery, GG supplementation has demonstrated health benefits; a dose–response meta-analysis of 

25 clinical trials reported significant reductions in total cholesterol and LDL-C in patients with 

cardiometabolic conditions, though no significant effects on triglycerides or HDL-C were observed 

[121]. Guar gum is a biopolymer with pH-dependent swelling and microbial degradation in the colon, 

making it ideal for colon-specific drug delivery. Its uncontrolled hydration can be managed via 

structural modification or grafting with other polymers. Various GG derivatives have been 

developed and evaluated for colon targeting, including matrix tablets, coated formulations, 

nano/microparticles, and hydrogels, demonstrating GG’s potential to localize therapeutics in the 

colonic environment [122]. 

KGM, a biodegradable and biocompatible natural polymer with strong gelation, adhesion, and 

film-forming properties, has been widely investigated for drug delivery applications. KGM-based 

composites, including gels, films, microspheres, nanofibers, and nanoparticles, demonstrate 

significant potential in drug delivery, wound healing, tissue engineering, antibacterial, and cancer 

therapies, though challenges remain in advancing their biomedical applications [123]. A stimuli-

responsive hydrogel system incorporating curcumin-loaded mesoporous polydopamine 

nanoparticles (mPDA NPs@Cur) into oxidized KGM/carboxymethyl chitosan (oxKGM/CMCS) 

hydrogels enabled pH-sensitive and NIR-triggered release, providing controlled delivery and 

effective chemo-photothermal therapy against breast cancer cells, with curcumin release following 

zero-order kinetics [6]. pH-responsive bone tissue engineering microspheres prepared from KGM, 

hydroxyapatite (HA), and sodium alginate (SA), with quaternary amination producing cationic KGM 

(CKGM), exhibited good biocompatibility, thermal stability, antibacterial activity, and pH-dependent 

drug release, with CKGM/SA/HA@DOX showing slightly lower cumulative release than 

KGM/SA/HA@DOX [93]. Additionally, alginate–KGM core–shell aerogel particles fabricated via air-

assisted coaxial prilling and optimized with Artificial Neural Networks and genetic algorithms 

displayed high surface area (201 ± 10 m²/g), macroporous–mesoporous structures, and efficient drug 

loading with vancomycin or dexamethasone, though burst release profiles indicated a need for 

coating modifications to achieve controlled release [124]. 

Locust bean gum (LBG), a natural galactomannan polysaccharide, is widely applied in food, 

pharmaceutical, and biomedical fields due to its flexibility, hydrogen-bonding capacity, and film-

forming properties [125]. In food packaging, LBG-based films synergize with other biopolymers and 

bioactive agents to enhance antibacterial, antioxidant, and barrier properties, extending shelf life and 

freshness monitoring [27]. For biomedical applications, LBG composites show strong potential in 

drug delivery and wound healing owing to their mucoadhesive, swelling, and gel-forming 

properties; modifications such as crosslinking and carboxymethylation further support controlled, 

targeted, and responsive delivery [126]. A nanocomposite hydrogel of LBG, poly(4-

acryloylmorpholine), and silver nanoparticles demonstrated pH-responsive 5-fluorouracil release, 

antibacterial activity, and biocompatibility, highlighting promise for cancer therapy and infection 

control [127]. Additionally, LBG microparticles (~4 μm) have shown physicochemical stability across 

suppliers, >80% viability in respiratory cells, and a safe in vivo inhalation profile, supporting its 

development as a novel excipient for lung drug delivery [128]. 

Exopolysaccharide fractions from the hadal bacterium Psychrobacter pulmonis, particularly those 

rich in mannose (XL-1-D and XMRS-1-D), exhibited strong bioactivities. Mannose-containing 

fractions enhanced macrophage proliferation, phagocytosis, NO and ROS production, and 
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proinflammatory cytokine secretion, while also inhibiting A549 cancer cell proliferation via 

apoptosis-related pathways. These findings highlight mannose-rich microbial polysaccharides as 

promising candidates for drug development [129]. In conclusion, carbohydrate polymers such as 

mannans, guar gum, KGM, and locust bean gum show great promise in drug delivery, wound 

healing, tissue engineering, and cancer therapy owing to their biocompatibility, biodegradability, 

and tunable properties. Advances in modification, nanotechnology, and stimuli-responsive systems 

enable targeted, sustained, and colon-specific release, improving therapeutic efficacy while reducing 

toxicity. Their versatility across oral, transdermal, pulmonary, and injectable platforms, along with 

emerging bioactivities like immunomodulation and anticancer effects, highlights their potential as 

next-generation biomaterials for precision medicine. 

7.3. Biomedical and Tissue Engineering Applications 

Mannans are promising biomaterials for regenerative medicine, with applications in wound 

dressings, hydrogels, and scaffolds due to their ability to stimulate fibroblast proliferation, collagen 

synthesis, and angiogenesis, thereby accelerating wound healing [99]. In tissue engineering, mannans 

can be crosslinked or blended with polymers to create scaffolds that support cell growth and 

differentiation [9], while their immunomodulatory properties enhance potential in cancer therapy 

and vaccine adjuvant development [7,130]. Guar gum (GG), derived from Cyamopsis tetragonoloba 

seeds, is low-cost, biocompatible, biodegradable, and widely available, but its uncontrolled hydration 

and microbial susceptibility necessitate modifications to improve solubility, swelling, pH sensitivity, 

and antimicrobial/antioxidant activities, expanding its role in tissue engineering and regenerative 

medicine [131]. Mannosylation has also been applied in vaccine platforms: HIV p24 antigen-loaded 

proteoliposomes functionalized with mannans enhanced dendritic cell uptake, MHCI/MHCII 

presentation, and costimulatory marker expression, inducing both humoral and cytotoxic T-cell 

responses [132]. Clinically, acemannan from Aloe vera improved short-term buccal bone stability in 

guided bone regeneration with simultaneous implant placement, showing safety but requiring 

further evaluation of long-term benefits [133]. Novel KGM-based hydrogels have also advanced 

wound healing: a KGM–BSP hydrogel crosslinked with BDDE showed superior water retention, 

mechanical strength, anti-inflammatory effects (via TNF-α/NF-κB inhibition and IL-10 upregulation), 

and enhanced angiogenesis and collagen deposition in vivo [134]. Similarly, a KGM–LA adhesive 

hydrogel delivering siACTC1 effectively reduced fibroblast proliferation and collagen deposition, 

inhibiting keloid growth in mice [135]. Furthermore, PVA/galactomannan (GA) asymmetric 

membranes crosslinked with SSA demonstrated antibacterial, biodegradable, and biocompatible 

properties, with 20% GA content enhancing fibroblast/osteoblast proliferation and reducing MCP-1 

secretion, highlighting their potential in wound healing and tissue engineering [136]. In conclusion, 

mannans and their derivatives are versatile, biocompatible biomaterials with applications in wound 

healing, tissue engineering, drug delivery, and vaccine development. Their modifiable properties—

such as controlled swelling, antimicrobial activity, and immunomodulation support targeted and 

regenerative therapies, highlighting their strong potential for next-generation biomedical 

applications (Figure 4). 
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Figure 4. The various portals of mannan applications in tissue engineering. 

7.4. Environmental and Industrial Biotechnology 

Mannans and their derivatives play diverse roles across environmental and industrial sectors. 

In environmental applications, their hydroxyl and carboxyl groups enable efficient binding of heavy 

metals and dyes, making them valuable in bioremediation, wastewater treatment, and biosorption 

[18]. Guar gum and xanthan gum nanocomposites provide eco-friendly, low-cost, and reusable 

adsorbents with high efficiency in pollutant removal, functioning through adsorption and 

degradation [137]. Guar gum itself has been modified into multifunctional adsorbents and 

nanocomposites capable of removing dyes, metals, oil, and pathogens, with recent advances 

demonstrating significant improvements in water quality [138]. In packaging and food preservation, 

KGM has emerged as a non-toxic, biodegradable, and film-forming biopolymer. KGM-based films 

enhance food shelf-life by improving moisture retention, gas barrier properties, and antimicrobial 

activity. Despite challenges such as limited mechanical strength and humidity sensitivity, blending 

with other biopolymers or adding nanoparticles improves performance, making KGM films a 

promising eco-friendly alternative to plastics [139]. Modified mannans more broadly are also 

explored as biodegradable packaging materials with the potential to replace petroleum-based plastics 

[5]. In biomedical and pharmaceutical applications, galactomannans (guar, locust bean, fenugreek 

gums) are widely studied for drug delivery and as pharmaceutical excipients. Developed into tablets, 

microparticles, nanoparticles, micelles, and hydrogels, these systems support oral vaccination, 

insulin delivery, cancer targeting, wound healing, and controlled release. Additionally, 

galactomannans act as green reducing agents for metal nanoparticle synthesis with enhanced 

antimicrobial, antioxidant, and anticancer properties, though lesser-studied sources (cassia, tara, 

Delonix) remain underexplored [115]. Protein–polysaccharide nanoconjugates, including those with 

mannans and glucomannans, further expand biomedical and food nanotechnology, improving 

nutraceutical stability and delivery [36]. In agriculture and construction, guar gum has been 

chemically modified into GG-PAM, a soil-strengthening biopolymer with improved thermal stability, 

mechanical strength, and erosion resistance. GG-PAM–treated soils demonstrated superior 

compressive strength, crack prevention, and durability under harsh conditions, supporting its use in 

roadbed construction and open-air infrastructure [93]. In biosensing, mannans enable innovative 

food safety tools. A biosensor based on mannose-functionalized AuNPs–mannan oligosaccharide 

nanozyme combined with split aptamers achieved highly sensitive detection of His-tagged proteins 

(limit: 12.44 nM), highlighting potential applications in monitoring synthetic biomolecules in food 
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systems [140]. In summary, mannans function as versatile biopolymers bridging natural bioactivity 

with industrial utility. Their multifunctionality spans wastewater purification, eco-friendly 

packaging, drug delivery, agricultural reinforcement, food nanotechnology, and biosensing position. 

8. Future Prospects and Challenges of Mannans 

Mannans are increasingly recognized as multifunctional biopolymers with applications 

spanning food, feed, packaging, and biomedical fields. However, despite their potential, their 

commercial translation remains constrained by scientific, industrial, and regulatory hurdles. Recent 

market analyses forecast steady growth, with the global mannan-oligosaccharide (MOS) market 

projected to expand at a compound annual growth rate of 4.8–8.5% between 2025 and 2031, primarily 

driven by their use as feed additives and gut-health promoters in livestock and companion animals 

[141,142]. Key opportunities lie in expanding applications for animal feed, nutraceuticals, and 

functional foods, supported by regulatory restrictions on antibiotic growth promoters and increasing 

consumer demand for natural prebiotics. Advances in enzyme technology and green extraction 

methods also promise to improve sustainability and cost efficiency. Furthermore, the diversification 

of raw material sources, such as forestry residues, microbial biomass, and agricultural by-products, 

could reduce reliance on traditional feedstocks and stabilize supply chains. Nevertheless, significant 

challenges remain. Raw material volatility and dependence on crops such as guar, locust bean, and 

konjac expose the market to environmental and geopolitical risks [143]. In addition, mannans must 

compete with more established prebiotics such as fructooligosaccharides and inulin, necessitating 

improved cost competitiveness and stronger evidence of superior health outcomes [144]. Regulatory 

heterogeneity across regions and limited clinical validation continue to hinder broader adoption in 

food and pharmaceutical applications. Moreover, in non-food sectors, mannans’ inherent limitations 

in mechanical strength, thermal stability, and water resistance restrict their direct use in packaging 

and biomedical devices, requiring chemical modification, blending, or incorporation of 

nanomaterials to achieve desired performance [103]. Future progress will require a multidisciplinary 

approach. Synthetic biology and enzyme engineering could enable biosynthesis of mannans with 

tailored structural features and consistent functionality. Nanotechnology and advanced delivery 

systems may unlock biomedical potential through targeted, responsive, and safe formulations. 

Parallel efforts in green processing and supply-chain development are critical to ensuring scalability 

and economic feasibility. Finally, consumer education and clearer regulatory frameworks will be 

necessary to translate laboratory advances into market adoption. In summary, while mannans are 

strategically positioned as next-generation sustainable biomaterials, realizing their full industrial and 

clinical potential will depend on addressing challenges of standardization, cost competitiveness, and 

functional optimization. With continued innovation at the interface of plant biotechnology, materials 

science, and biomedical engineering, mannans could emerge as a cornerstone of the bioeconomy. 

9. Conclusions and Remarks 

Mannans are versatile, bioactive biopolymers widely distributed in plants, microbes, and marine 

organisms, exhibiting diverse structural features and physicochemical properties that strengthen their 

broad biological functions, including prebiotic, immunomodulatory, antimicrobial, antioxidant, 

anticancer, and tissue-regenerative activities. Their derivatives, such as galactomannans, glucomannans, 

and mannan-oligosaccharides, have found applications across food, feed, nutraceutical, pharmaceutical, 

and biomedical industries, as well as in environmental and industrial biotechnology. Despite their 

potential, challenges such as raw material variability, structural heterogeneity, limited mechanical and 

thermal properties, and gaps in clinical validation restrict large-scale utilization. Future research 

integrating enzyme engineering, green extraction methods, nanotechnology, and synthetic biology could 

enable the production of mannans with tailored structures and enhanced functionalities, expanding their 

applications in sustainable biomaterials, functional foods, therapeutics, and industrial processes. Overall, 
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mannans represent a promising class of multifunctional biopolymers poised to contribute significantly to 

health, nutrition, and the bio-economics. 
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