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Abstract 

Oligosaccharides represent an emerging class of bioactive compounds with diverse and structure-
dependent functionalities. While traditionally explored for their prebiotic effects on gut microbiota, 
growing evidence demonstrates that oligosaccharides can directly interact with host receptors in the 
intestinal and immune systems, modulating inflammation, mucosal immunity, and epithelial barrier 
function. In the context of a circular bioeconomy, these molecules offer a sustainable and value-added 
route for the upcycling of agro-industrial and forestry biomass, particularly through the conversion 
of polysaccharides into structurally tailored oligosaccharides. This review synthesizes current 
knowledge on direct effects of plant-derived oligosaccharides on intestinal and immune system 
receptors. We also explore enzymatic and green chemistry-based strategies for oligosaccharide 
extraction and production, emphasizing their relevance to developing functional ingredients with 
targeted functionalities. Furthermore, we critically assess challenges and opportunities for translating 
this knowledge into practical applications, with a focus on regulatory aspects, outlining a roadmap 
toward the implementation of receptor-active oligosaccharides in precision nutrition and functional 
food innovation. 

Keywords: biomass valorisation; dietary fibre; intestinal receptors; pattern recognition receptors 
(PRRs); functional ingredients; functional foods; host–glycan interactions; food legislation; regulatory 
frameworks 
 

1. Introduction 

1.1. Relevance of Oligosaccharides in Biomass Valorisation 

The global food and forestry industries generate vast quantities of organic waste, much of which 
remains underutilized despite being rich in pectic and hemicellulosic polysaccharides. These are 
valuable materials that can serve directly as functional food ingredients or be converted into high-
value oligosaccharides. These oligosaccharides are increasingly recognised for their potential as 
functional food ingredients with applications extending far beyond traditional uses. In particular, 
those derived from agricultural by-products, such as fruit peels [1], vegetable stems [2], cereal husks 
[3,4], and forestry residues [5], offer a sustainable route to reduce biomass waste and enhance natural 
resource use. Their recovery not only reduces environmental pressure associated with organic waste 
disposal but also aligns with principles of the circular bioeconomy. 

Like polysaccharides, oligosaccharides can exert their functional effects through three main 
mechanisms: (i) physicochemical effects, such as binding or sequestration of molecules, which can 
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slow gastric emptying and reduce the absorption of compounds like glucose or cholesterol [6]; (ii) 
modulation of gut microbiota profile and function through prebiotic activity [7]; and (iii) direct 
interaction with receptors expressed on intestinal and immune system cells [8,9]. This review focuses 
primarily on this later mechanism, which is gaining increasing attention due to its structural 
specificity and potential to influence host physiology beyond well-known physicochemical and 
prebiotic effects. 

1.2. Oligosaccharides in Circular Bioeconomy: Expanding Their Functional Perspectives 

The valorisation of agricultural and forestry by-products into oligosaccharides represents a 
promising strategy within the broader framework of the circular bioeconomy. As the food system 
continues to deal with resource inefficiencies, waste accumulation, and environmental degradation 
[10,11], the concept of upcycling biomass into value-added products is gaining momentum. While 
efforts to convert such biomass into biofuels have historically dominated valorisation approaches 
[12], the production of functional oligosaccharides offers an alternative that can be aligned with 
health and sustainable nutrition trends [13]. Green extraction methods, including pressurized hot 
water extraction, microwave-assisted hydrolysis, and enzymatic depolymerization, which are 
discussed further in this review, have made it increasingly feasible to obtain structurally diverse 
oligosaccharides in a sustainable (and scalable) manner. These advances support a shift in biomass 
utilization strategies [14], moving from energy recovery or bulk feed production to selective 
conversion into compounds with targeted physiological functions that promote human health. 

Traditionally, the functional role of poly- and oligosaccharides has been narrowly interpreted 
through a prebiotic lens [15–17]. Defined as nondigestible carbohydrates that promote the growth of 
beneficial gut microbes, prebiotic oligosaccharides that can be obtained from biomass processing 
such as fructooligosaccharides (FOS) and xylooligosaccharides (XOS), have been widely explored for 
their ability to modulate the gut microbiota [18]. However, this microbiota-cantered paradigm, while 
valuable, overlooks the growing body of evidence indicating that oligosaccharides can exert direct 
effects by interacting with human intestinal and immune system receptors. 

An increasing amount of evidence highlights that synthetic and naturally occurring 
oligosaccharide structures can engage with pattern recognition receptors (PRRs), G-protein coupled 
receptors (GPCRs), and other sensor systems located on the surface of intestinal epithelial and 
immune cells [8,9,19–22]. These receptor-mediated interactions have been shown to modulate 
inflammatory signalling pathways, intestinal permeability, mucosal immunity, and systemic 
immune responses [23,24]. Notably, these bioactivities are highly structure dependent. Minor 
changes in oligosaccharide length, degree of acetylation, branching, or linkage type, can influence its 
biological activity and receptor binding specificity [19,21,25]. This is in clear contrast to the more 
generalized community-level mode of action associated with physicochemical and prebiotic effects.  

Recognising this broader functional potential implies a shift in how oligosaccharides are studied, 
produced, and not least, regulated. Rather than treating them solely as dietary fibre fractions with 
fermentability as the main criterion for functionality, there is a need to characterize oligomers based 
on molecular architecture and their interaction with host physiology. This expanded perspective 
opens door to precision design of oligosaccharides with targeted immunological or gut barrier-
modulating properties. 

In the context of a circular economy, this approach is particularly powerful. It enables the 
transformation of varied biomass streams into structurally tailored oligosaccharides with defined 
health-promoting effects. This not only contributes to waste reduction and resource optimisation but 
also supports the development of next-generation functional ingredients that are both sustainable 
and biologically relevant. Following, we build upon this emerging framework, exploring the 
structural diversity of oligosaccharides, their receptor-mediated mechanisms of action, regulatory 
considerations, and how these insights can guide the rational design and valorisation of biomass-
derived oligomers (Figure 1). 
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Figure 1. Schematic overview of the biomass food chain and roadmap for oligosaccharide upcycling. The left 
side of the diagram illustrates the biomass food chain, beginning with biomass production (e.g., vegetables and 
cereals), followed by biomass processing into food products. During this chain, by-products and waste are 
generated. These underutilized streams are highlighted as valuable sources for oligosaccharide upcycling, as 
shown in the right side of the figure. The roadmap to valorise these oligosaccharides includes four main steps: 
assessment of their biological effects, characterisation, standardisation, and alignment with regulatory aspects. 

2. Oligosaccharides from Biomass: Sources and Upcycling Pathways 

2.1. Structural Diversity of Oligosaccharides 

Oligosaccharides derived from biomass exhibit remarkable structural diversity, shaped by the 
complexity of their parent polysaccharides and the wide range of botanical sources and processing 
conditions [3,26,27]. Their molecular architecture is defined by several variables, including 
monosaccharide composition, degree of polymerization (DP), glycosidic linkage type, branching 
frequency, and the presence of specific substitutions such as acetyl, methyl, or feruloyl groups. These 
features critically influence their biological functionality. 

Forestry industry residues, particularly from softwood and hardwood species, are a rich source 
of hemicellulosic polysaccharides that can be hydrolysed into functional oligosaccharides [28,29]. In 
hardwoods, such as birch, glucuronoxylans predominate [30,31]. These consist of a β-(1→4)-linked 
xylose backbone decorated with α-(1→2)-linked glucuronic or 4-O-methyl-glucuronic acid side 
chains. The extent of methylation and acetylation differs by species, tissue and processing [31,32]. For 
example, birch-derived xylans often exhibit higher methylation and acetylation levels than those 
from eucalyptus [33], possibly resulting in oligosaccharides with distinct structural features and 
bioactivities. In softwoods like spruce and pine, the dominant hemicellulose is galactoglucomannan 
[34], composed of a β-(1→4)-linked mannose and glucose backbone with galactose side chains and 
varying degrees of acetylation. The ratio of mannose to glucose, the degree of galactose substitution, 
and the acetylation degree, are known to vary significantly between species and even between 
different parts of the tree, such as bark versus wood [35]. 

Agro-industrial residues from fruit and vegetable processing are rich in pectins and 
hemicelluloses that also serve as sources of diverse oligosaccharides [2,36,37]. Citrus peel [38], apple 
pomace [39,40], and sugar beet pulp [41] contain relatively high levels of homogalacturonan and 
rhamnogalacturonan-I (RG-I) [42], along with branched arabinans and arabinogalactans. These pectic 
domains differ considerably depending on the plant source and are often modified during 
processing. For instance, sugar beet pectin is particularly rich in RG-I with highly branched side 
chains [43], making it a promising source for arabino- and galactooligosaccharides after enzymatic 
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hydrolysis [44]. Tomato peel and seed residues, commonly subjected to thermal processing during 
industrial paste production, have shown increased yields of pectic oligosaccharides with higher 
degrees of methylation and branching, likely due to partial depolymerization and migration of 
solubilized fragments [45,46]. 

In addition to hydrolysable polysaccharides, some oligosaccharides are naturally present in 
plant tissues and can be directly extracted. Fructans, such as inulin-type fructooligosaccharides 
(FOS), are prevalent in plants like chicory, Jerusalem artichoke, yacon, asparagus, onion, and garlic 
[47]. These consist of β-(2→1)-linked fructose chains often capped with a glucose moiety. As reviewed 
previously, their structural features, particularly chain length, degree of branching, and terminal 
residues, varies by species and maturity stage [48]. Postharvest storage and processing can also lead 
to inulin depolymerization, shifting the profile toward shorter-chain FOS, which tend to be more 
soluble and biologically active [49]. 

One of the most structurally diverse hemicelluloses is arabinoxylan, which is found in cereal 
brans and hulls such as those from wheat, rye, barley, and corn [50,51]. Arabinoxylans have a β-
(1→4)-xylan backbone substituted with α-(1→2)- and/or α-(1→3)-linked arabinose units. The degree 
of arabinosylation varies by source; wheat bran arabinoxylans exhibit a high arabinose-to-xylose ratio 
of around 0.6 to 0.7, while those from corn bran are closer to 0.3, reflecting a more linear structure 
[52,53]. These differences influence not only solubility and fermentability, but also interaction with 
host receptors. In addition to arabinose substitution, many arabinoxylans are esterified with ferulic 
acid at the arabinose residues. The degree of feruloylation is also source-dependent [54]; maize and 
sorghum arabinoxylans tend to be more heavily feruloylated than those from wheat [55], influencing 
potential biological activity and resistance to enzymatic breakdown. 

Other hemicelluloses or storage polymers, including β-glucans, mannans, and xyloglucans, also 
vary widely depending on the plant source. Oat and barley β-glucans differ in the ratio of β-(1→3) to 
β-(1→4) linkages [56,57]. Mannans from coffee pulp, ivory nut, and palm kernel can also differ in 
galactose substitution and molecular size [58–60]. Xyloglucans from tamarind seeds are highly 
branched, whereas those from kiwi are comparatively linear [61,62].  

Processing conditions also influences the structural features of pectic and hemicellulosic 
materials [14]. Thermal treatment such as cooking, extrusion, or drying can cause depolymerization, 
de-esterification, or the release of branched fragments. In thermally processed carrot pomace and 
sweet corn husk, studies have reported higher levels of low-DP oligosaccharides with increased 
branching and methylation, potentially enhancing their functional performance in the gut [63,64]. 
Thus, the structural variation of oligosaccharides is not only a result of intrinsic plant composition 
but is also influenced by growing conditions, tissue type, developmental stage [65], and postharvest 
or industrial processing [66]. In the context of circular bioeconomy and upcycling strategies, 
understanding this complexity is critical. The traceability of biomass sources, knowledge of their 
biochemical composition, and awareness of changes induced by processing steps provide essential 
insight into the types of oligosaccharides that can be recovered or generated. This level of 
understanding supports more rational design of extraction processes and enhances the ability to 
produce structurally defined oligosaccharides with tailored functional properties from diverse (and 
sustainable) biomass streams. 

2.2. Extraction Strategies for Obtaining Oligosaccharides 

As highlighted above, agro-industrial residues and lignocellulosic materials from forestry 
operations represent abundant, diverse, and (unfortunately) underutilized sources of 
polysaccharides and oligosaccharides. For example, by-products from fruit and vegetable processing 
including peels, pomace, bagasse, and trimmings, are often rich in hemicelluloses and pectins, 
making them ideal stocks for oligosaccharide production [2,67]. Similarly, agroforestry side-streams 
such as sawdust, bark, and pruning waste contain valuable lignocellulosic fractions that can 
potentially be converted into functional oligosaccharides with bioactive potential [68]. The extraction 
of oligo- and polysaccharides from these biomasses typically follows sequential protocols that begin 
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with mechanical disruption, followed by water or solvent-based solubilization steps, and often 
incorporate physical, chemical or enzymatic treatments to improve yield and selectivity.  

Despite the structural diversity of oligosaccharides, and the well-documented fact that small 
changes in their fine structure can lead to marked differences in biological activity, many of the 
extraction workflows are remarkably general. Batch-scale production of oligosaccharides from a 
range of biomasses can often be achieved using similar unit operations and conditions, particularly 
during upstream hydrolysis and downstream purification stages. In the case of polysaccharides, the 
upstream extraction is usually based on hot water or alkaline treatments, occasionally coupled with 
chelating agents to recover specific fractions (e.g., alkali-soluble hemicelluloses or calcium-bound 
pectins). These polysaccharide-rich extracts can then serve as substrates for the generation of 
oligosaccharides through hydrolytic or enzymatic steps. While purification and structural fine-tuning 
are more complex and typically require tailored approaches, the overall process flow remains broadly 
applicable across biomass types. Table 1 summarizes common strategies used to process 
oligosaccharides and polysaccharides from biomass, including key solvents, enzymes, and specific 
features of each approach. 

Table 1. Methods for extraction and recovery of oligosaccharides and polysaccharides from biomass. Overview 
of common methods used for the recovery and processing of oligosaccharides and polysaccharides. The table 
highlights target materials, key solvents or enzymes, and notable processing characteristics. 

Extraction Method. 
Main 

processing 
stage 

Target  
material 

Main 
solvents/enzymes 

used 

Special properties/ 
Comments 

Examples/Sources

Hot water extraction (HWE) Extraction Polysaccharides, 
some 

oligosaccharides 

Water (90–160°C) Eco-friendly, good 
for heat-stable 

material 

[52,63] 

Subcritical water extraction 
(SWE) 

Extraction Hemicellulosic 
material 

(recalcitrant) 

Water (>100°C) 
and pressure (> 

10 bar) 

Alternative to HWE 
for recalcitrant 

material 

[31,69] 

Alkaline extraction              Extraction Hemicelluloses, 
lignin removal 

NaOH, Ca(OH)₂, 
others 

Solubilizes 
hemicellulose, 
effective lignin 

disruption 

[52,68] 

Acid hydrolysis                 Extraction Pectic/hemicellulosic
oligosaccharides 

H₂SO₄, H₃PO₄,  
others 

Effective but harsh; 
degradation risk 

[70,71] 

Enzymatic hydrolysis            Hydrolysis 
or 

conversion 

Oligosaccharides 
(FOS, XOS, GOS, 

etc.) 

Xylanase, 
Cellulase, 

Pectinase, others 

Mild, specific, 
avoids toxic 

residues 

[72,73] 

Ultrasound-assisted extraction 
(UAE)  

Extraction 
enhancement

Polysaccharides and 
oligosaccharides 

Water, 
mechanical 

agitation 

Enhances diffusion, 
reduces energy/time 

[74,75] 

Microwave-assisted extraction 
(MAE)  

Extraction 
enhancement

Polysaccharides and 
oligosaccharides 

Water/solvent, 
microwave 
radiation 

Fast, efficient; high 
energy input 

[76,77] 

Ionic liquid pretreatment        Pretreatment Cellulose, lignin, 
hemicelluloses 

EMIM Ac, others Efficient 
delignification; 

recovery needed 

[78,79] 

Chelating agent Pretreatment Pectin/rich biomass, 
crosslinked 

polysaccharides 

EDTA, citric acid, 
others 

Removes metal ions, 
disrupts Ca2⁺ 

bridges in pectins 

[80,81] 

Deep eutectic solvent (DES) 
extraction      

Pretreatment Lignin, 
hemicelluloses 

Choline chloride 
+ lactic acid, urea, 

others 

Biodegradable, 
tunable solvent 

properties 

[78,82] 

(Tangential flow) filtration (TFF) Isolation or 
fractionation 

Fractionation of 
solubilized 
saccharides 

Membrane-based 
size separation 

Industrial-scale 
separation of 
high/low MW 

fractions 

[83,84] 

It is important to emphasize that, in the context of sustainability and circular economy, applying 
principles of green chemistry to these extraction and transformation processes is not merely 
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beneficial, but essential. The drive to avoid harsh reagents, minimize energy input, and enable solvent 
recycling or biodegradability becomes more than a scientific priority; it is a prerequisite for economic 
and ecological viability in the context of circular economy. 

2.3. Green Chemistry and Enzymatic Synthesis Approaches 

The integration of green chemistry principles into the production of oligosaccharides from 
biomass is both a scientific imperative and a sustainability-driven necessity. As highlighted earlier, 
the goal is not merely to recover value from waste but to do so through processes that minimize 
environmental burden, reduce hazardous chemical use, and promote long-term system resilience. 
This section outlines the role of green chemistry in both the extraction of oligosaccharides from raw 
biomass and conversion of polysaccharides into tailored oligosaccharide structures, with emphasis 
on enzymatic strategies.  

Green extraction technologies focus on replacing harsh or non-renewable reagents with safer, 
recyclable, and biodegradable alternatives [85]. Traditional acid hydrolysis, for example, though 
effective in breaking down lignocellulosic biomass, often requires neutralization steps that increase 
waste volume. In contrast, hydrothermal methods offer cleaner profiles while still enabling high 
solubilization of hemicelluloses or pectins [86,87]. Moreover, solvents such as ethanol and green 
alternatives like deep eutectic solvents (DES) or ionic liquids (ILs), when designed for recyclability, 
have shown promise in improving selectivity for certain glycan fractions while enhancing yield and 
reducing toxicity compared to more traditional approaches [78].  

Ultrasound- and microwave-assisted extraction techniques are particularly attractive in green 
chemistry frameworks. These physical methods enhance mass transfer and accelerate cell wall 
disruption, shortening processing times [88]. When applied with minimal solvent systems (e.g., water 
or aqueous ethanol), they support energy-efficient and low-waste oligosaccharide biomass recovery. 
Notably, ultrasound can be combined with enzymatic pre-treatment to increase enzyme accessibility 
and facilitate oligosaccharide production in milder conditions [89]. 

While physical and chemical methods are still used at large scale, enzymatic hydrolysis remains 
the most structurally selective, environmentally friendly, and biologically compatible method for 
converting polysaccharides into oligosaccharides [90,91]. Enzymes such as xylanases, β-mannanases, 
pectinases, and cellulases act under mild aqueous conditions and allow for precise control over the 
degree of polymerization, substitution pattern, and glycosidic linkage of the resulting 
oligosaccharides [92,93]. For example, endo-xylanases from fungal sources (e.g., Trichoderma reesei, 
Aspergillus niger) can be source for a suite of XOS with defined backbone lengths and substitution 
degrees [94,95]. Similarly, endo-polygalacturonases and pectate lyases can be applied to pectin-rich 
biomass to generate pectic oligosaccharides (POS) [81,96,97]. Enzyme cascades or blends can be 
tailored to target side chains or internal bonds, creating structurally diverse mixtures with specific 
bioactivities [98]. Moreover, enzymatic approaches are not limited to degradation; transglycosylation 
reactions catalysed by glycoside hydrolases under high substrate concentrations (or by engineered 
glycosyltransferases) can be used to synthesize oligosaccharides with novel linkages and moieties, as 
reviewed previously [99]. This approach enables the construction of novel glycosidic backbones or 
the grafting of functional and side groups such as acetyl, arabinosyl, or galacturonyl residues that 
can enhance or modify biological activity. Although enzymatic synthesis and modification from 
waste substrates is still underexplored, recent research shows its potential for tailored design. For 
example, glucuronyltransferases or sulfatases can be used to introduce uronic acid and sulfate 
groups, respectively, into oligosaccharides derived from biomass streams [100,101], possibly 
mimicking the functionality of glycosaminoglycans or mucosal glycans. Importantly, these 
enzymatic routes are compatible with green chemistry principles: reactions that occur in aqueous 
media and minimize formation of toxic by-products while generating structurally defined products 
suitable for functional food applications.  

Despite the promise of enzymatic and green strategies, several challenges remain. Enzyme costs, 
substrate variability, and process scalability can limit industrial adoption. Moreover, enzymatic 
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reactions often produce a distribution of oligomers, requiring downstream separation techniques that 
are compatible with green processing (e.g., membrane filtration or precipitation). Advances in 
enzyme engineering, immobilization, and reaction optimisation (e.g., flow reactors, co-factor 
recycling) can help address these challenges [102]. Regardless of challenges, there is growing interest 
in coupling green chemistry with precision glycoengineering to produce oligomers with low 
environmental impact and high biological specificity, targeting intestinal and immune receptors. 
Synthetic biology platforms may ultimately enable the microbial production of customized 
oligosaccharides from waste-derived biomass, integrating feedstocks with precision biosynthesis. 

3. Oligosaccharides as Bioactive Food Ingredients: Receptor Interactions and 
Structure-Dependent Host Modulation 

3.1. Host Receptor Targets in the Intestinal and Immune System 

Emerging evidence has demonstrated that poly- and oligosaccharides can interact directly with 
receptors on intestinal epithelial and immune cells [103,104], acting beyond their traditional role as 
prebiotics. These interactions occur at the mucosal interface and can modulate mechanisms such as 
inflammatory signalling, epithelial integrity, and immune priming. These findings have been 
validated through in vitro cell models [19,105,106], in vivo studies [105,107], and increasingly through 
in silico simulations to explore molecular docking and binding affinities [19,108]. Key receptors 
involved include pattern recognition receptors (PRRs) such as toll-like receptors (TLRs) but also C-
type lectin receptors (CLRs), G-protein coupled receptors (GPCRs) and scavenger receptors. For 
instance, TLR4, a well-studied PRR involved in lipopolysaccharide (LPS) sensing and inflammatory 
response, has been shown to be downregulated in intestinal epithelial cells of mice with induced 
colitis when exposed to galacturonic acid-rich pectic oligosaccharides (POS), and to intact and 
modified (arabinose- and galactose-free) pectin fractions [109]. Pectic-like poly- and oligosaccharides 
can interfere with LPS-TLR4 interaction, thereby inhibiting the NF-κB pathway, as showed in vitro, 
explaining the reduction of pro-inflammatory cytokines like IL-6 and TNF-α by immune system cells 
[103,110,111]. Conversely, arabinoxylooligosaccharides from wheat bran appear to inhibit TLR2-
mediated responses and induce TLR4 activation in a structure-dependent manner [112]. The intricate 
association of receptor-mediated effects with molecule structure is also seen for some pectic material, 
which have shown potential to inhibit TLR2 induced cytokine secretion [113,114]. 

CLRs such as DC-SIGN and dectin-1, expressed on dendritic cells and macrophages, also 
recognise specific glycan motifs on oligosaccharides [115,116]. Although this latter has not yet been 
thoroughly explored for oligosaccharides obtained from agro-industrial waste biomass, such receptor 
interactions are known to play a crucial role in maintaining gut barrier integrity, which can 
potentially be mediated by oligomers from beta-glucans, as proposed in silico [117]. 

Oligosaccharides may also exert anti-inflammatory effects by activating the nuclear 
receptor peroxisome proliferator-activated receptor gamma (PPARγ) [106]. Moreover, in vitro 
studies indicate that dietary fibres, such as inulin, GOS, FOS, and arabinoxylan hydrolysates can 
modulate cytokine and chemokine secretion by epithelial cells, macrophages, and dendritic cells, 
partly through PPARγ activation [8,106,118–120] . XOS have also been shown to enhance the 
expression of tight junction proteins claudin-1, occludin, and zonula occludens-1 (ZO-1), contributing 
to barrier integrity [121]. For intact and modified pectin though, mucin 2 (MUC2) levels were as low 
as in colitis mice control, showing no positive effect on this marker [122]. Additionally, some 
oligosaccharides can also interact with MUC-1, which can in turn supress TLR-4 signalling [122,123].  

3.2. Structure–Activity Relationships: Fine Structural Features Dictate Bioactivity 

Oligosaccharide bioactivity is highly dependent on their fine structural features. As mentioned 
earlier, variations in linkage type, degree of polymerization (DP), substitution patterns (e.g., 
acetylation, feruloylation, sulfation), and branching architecture [124] influence receptor binding and 
downstream effects. One example is the differential immunomodulatory activity observed among 
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pectic oligosaccharides (POS) from distinct regions of the pectin polymer. POS originating from 
rhamnogalacturonan-I (RG-I) domains, which are rich in arabinose and galactose side chains, have 
been shown to engage pattern recognition receptors such as TLR2, leading to modulation of cytokine 
responses in intestinal epithelial and immune cells. In contrast, homogalacturonan (HG)-derived 
POS, composed primarily of linear galacturonic acid backbones, exhibit lower bioactivity in these 
contexts. These findings highlight that even subtle differences in structural features, such as size 
[125], side chain complexity, and the presence of ester-linked modifications [126], can potentially 
shape the effects of oligosaccharides in host–immune interactions [127]. 

In studies exploring feruloylated arabinoligosaccharides, typically obtained from rice bran, it 
was observed modulation of TLR4-mediated pathways in dendritic cells [9] and macrophages [128]. 
Likewise, feruloylated arabinooligosaccharides extracted from maize bran, a common cereal 
processing by-product, showed cell mediated responses in vitro [129]. The ratio of sugar residues 
within an oligosaccharide also matters, as highlighted for wheat arabinoxylooligosaccharides [53]. 
Recently, it was also found that slightly changes in the structure of arabinoxylooligosaccharides has 
a significant impact on their interaction with TLR2 and TLR4, as revealed by in vitro and in silico 
approaches [19]. This suggests that backbone flexibility and steric arrangement of side chains are 
essential for modulating interaction with receptor binding domains. An overview of the main target 
receptors and downstream effects in the gut lumen are highlighted in Figure 2.  

These insights reinforce that structural tailoring, whether via enzymatic synthesis, selective 
hydrolysis, or chemical modification, is a powerful strategy to transform oligosaccharides from 
residues into functional oligosaccharides with specific receptor targets and defined biological effects. 

 
Figure 2. Direct effects of oligosaccharides from by-products and waste on gut immune signalling and barrier 
integrity. Different oligosaccharide structures interact with pattern recognition receptors (PRRs) such as TLR2, 
TLR4, and Dectin-1 at the gut epithelium, leading to either suppression or activation of inflammatory pathways 
(e.g., NF-κB) and modulation of anti-inflammatory responses (e.g., IL-10). These interactions also impact the 
expression of genes related to mucus production (MUC2) and tight junction proteins (Claudin-1, Occludin, ZO-
1), contributing to epithelial barrier integrity. While general immunomodulatory effects are observed, specific 
effects are highly dependent on the structural features of the oligosaccharides. 

3.3. Translational Applications and the Path Toward Precision Nutrition 

Understanding the receptor-mediated mechanisms of oligosaccharides at the cellular level opens 
possibilities for their application in precision nutrition, clinical nutrition, and therapeutic innovation. 
This mechanistic specificity makes it possible to design nutritional interventions that are more 
targeted and adaptable to individual physiological needs. In inflammatory bowel disease (IBD), for 
instance, a central feature is the disruption of epithelial tight junctions, which compromises gut 
barrier integrity facilitating translocation of microbial components such as lipopolysaccharides (LPS) 
leading to chronic immune activation [130,131]. Oligosaccharides that interact with PRR like TLR4 to 
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inhibit LPS binding or modulate downstream signalling can attenuate this inflammatory cascade. 
Pectic oligosaccharides and arabinooligosaccharides obtained from sugar beet pulp have 
demonstrated the capacity to interact with TLR4 in epithelial and immune cells, reducing secretion 
of pro-inflammatory cytokines such as TNF-α and IL-6 [124,125]. Similarly, 
arabinoxylooligosaccharides from varied cereal sources have been reported to support barrier 
function, which appears to be linked with enhanced expression of tight junction proteins such as 
claudin-1 and occludin [132,133]. 

Metabolic disorders such as obesity, insulin resistance, and type 2 diabetes are also increasingly 
linked to low-grade systemic inflammation that originates, in part, from altered gut permeability and 
immune dysfunction [134]. In this context, oligosaccharides that modulate anti-inflammatory 
pathways through direct receptor engagement, such as TLR2 or DC-SIGN, are of particular interest. 
Feruloylated arabinooligosaccharides, for example, can increase IL-10 production by activating TLR2, 
potentially rebalancing immune responses [9]. This receptor-specific bioactivity allows for the 
development of dietary solutions that target root inflammatory mechanisms rather than merely 
addressing symptoms or outcomes. 

The potential reduction of pro-inflammatory effects lead by oligosaccharides could have a 
significant clinical relevance in irritable bowel syndrome (IBS). A recent scoping review [135] 
highlights the central role of TLR4 in the development of IBS, linking its altered expression to 
symptoms such as abdominal pain and diarrhoea. The authors suggest that TLR4 may be a promising 
therapeutic target, as multiple evidence indicates that interventions modulating this pathway can 
help alleviate IBS-related symptoms. 

These applications are not limited to clinical settings but can also be extended to personalised 
nutrition strategies. Individuals with weakened mucosal defences, whether due to genetic 
predisposition, aging, or environmental exposures, could benefit from oligosaccharides designed to 
enhance epithelial barrier function or mucin production. Conversely, individuals exhibiting immune 
hyperresponsiveness or chronic inflammation may respond more favourably to oligosaccharides that 
promote signalling toward regulatory pathways. This level of dietary precision, informed by both 
individual physiology and glycan-receptor compatibility, could improve the efficacy of functional 
food and supplement interventions. 

Importantly, these innovations are closely aligned with circular bioeconomy principles. Many 
of the most promising oligosaccharide candidates for receptor-based applications can be derived 
from agricultural and forestry by-products that are currently underutilized or discarded. For 
example, XOS can be extracted from corn cobs, wheat straw, and birch sawdust; galactoglucomannan 
oligosaccharides from spruce bark and pulp side-streams; arabinooligosaccharides from sugar beet 
pulp; pectic oligosaccharides from citrus peel; and mannooligosaccharides from spent coffee grounds 
and palm kernel cake. These residues are often viewed as waste or downcycled into animal feed or 
energy substrates, but they contain structurally rich polysaccharides that can be selectively 
hydrolysed and tailored into high-value bioactive food ingredients. Using green extraction methods 
and enzymatic processing, it is now feasible to isolate and refine oligosaccharides from these biomass 
sources in a manner that preserves their bioactive features. As discussed earlier, enzymatic 
treatments not only avoid the use of harsh chemicals but also allow for relatively good control over 
molecular structure. As such, this integration of sustainable processing with targeted oligomer design 
maximizes both the functional and ecological value of the biomass. 

By advancing our understanding of oligosaccharide structure–function relationships and 
linking specific structural features to defined biological pathways, it becomes possible to develop 
functional ingredients that are both scientifically effective and ecologically responsible. This 
knowledge supports a new generation of foods and supplements tailored to individual needs and 
derived from renewable resources. In this context, oligosaccharides are not merely fibre fractions; 
they are programmable biological tools that combine human health and sustainability. The ability to 
match the right oligosaccharide to the right individual and physiological condition not only enhances 
health outcomes but also improves resource efficiency in the food system. Valorising side-streams 
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from forestry and agriculture through the selective production of high-impact oligosaccharides 
contributes to a more sustainable, circular economy (Figure 1). This convergence of nutritional 
efficacy and biomass optimisation represents a strategic shift toward food systems that are not only 
health-driven but also waste-aware, climate-conscious. 

5. Regulatory Pathways for Functional Oligosaccharides 

Oligosaccharides derived from biomass hold promise as next-generation ingredients for 
nutraceuticals and functional foods, given their capacity to modulate intestinal barrier function, 
influence immune signalling, and act beyond traditional prebiotic effects. However, translating these 
findings into practical applications faces several regulatory and technological needs, especially when 
it comes to defining, standardizing, and approving these compounds for health-related use. 

To date, most commercially available oligosaccharides including FOS and XOS, are categorized 
as dietary fibre and have gained generally recognised as safe (GRAS) status in the United States or 
been approved as novel food ingredients under EU regulations [136,137]. For example, the European 
Food Safety Authority (EFSA) permits the use of FOS as fibre ingredients in infant formula and a 
range of foods [136,138]. However, these approvals are generally based on the prebiotic effect and 
fermentability of oligosaccharides, rather than direct, receptor-mediated mechanisms in the human 
host. 

This poses a major regulatory bottleneck: the existing definition of dietary fibre is largely 
functionally narrow, focused on resistance to digestion and partial or full fermentability in the colon. 
It often fails to account for non-fermentative effects, such as those mediated by interaction with 
receptors or tight junction proteins, which, as highlighted earlier, are now supported by robust in 
silico, in vitro and in vivo evidence. Consequently, oligosaccharides that do not conform to the 
standard model of fermentable fibre, despite having direct immunomodulatory or barrier-enhancing 
effects, may struggle to obtain regulatory approval or substantiated health claims under current 
frameworks. 

Moreover, novel oligosaccharides derived from agro-industrial or forestry side-streams 
introduce additional complexity. While some of these molecules may be chemically similar to already 
approved FOS or XOS, their origin, structural heterogeneity, or extraction methods can classify them 
as "novel foods" under EU Regulation (EU) 2015/2283 [139], triggering lengthy safety evaluation 
procedures. In the US, the FDA’s GRAS designation also relies heavily on historical consumption and 
compositional familiarity [140], potentially excluding structurally unique oligosaccharides derived 
from unconventional biomass for human nutrition such as spruce sawdust, coffee pulp, or citrus 
processing residues. 

This creates a paradox in which the most sustainable and structurally innovative 
oligosaccharides, those derived from (re)used biomass and circular bioeconomy models, are often the 
most difficult to commercialize. Furthermore, there is currently no harmonized international 
framework for evaluating the health effects of oligosaccharides based on direct receptor interactions, 
which limits the ability of manufacturers to formulate evidence-based claims for their products in 
global markets. On the technological side, several challenges must also be addressed to enable 
reliable application in food systems and health products. One of the key issues is standardisation of 
structure and composition. As highlighted in this review, the bioactivity of oligosaccharides is highly 
dependent on fine structural features such as linkage type, branching, and degree of polymerization. 
Yet, most commercial formulations, and especially potential by-products, contain heterogeneous 
mixtures, and small batch-to-batch differences can significantly impact efficacy and reproducibility. 

Bioavailability is another critical and underexplored aspect. While fermentable oligosaccharides 
exert effects locally in the colon, receptor-active oligosaccharides may need to interact with epithelial 
or immune cells in the small intestine or Peyer’s patches. Their stability during digestion, 
susceptibility to microbial breakdown, and interaction with the mucus layer all influence whether 
they reach their biological targets. Strategies such as co-formulation with protective matrices, 
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encapsulation, or surface modification may be required to ensure consistent activity in vivo, but these 
approaches add regulatory and manufacturing complexity. 

In addition, the formulation of oligosaccharides into real food matrices presents technical 
challenges related to solubility, thermal stability, and pH sensitivity. While many oligosaccharides 
are water-soluble and stable under mild processing conditions, their structural integrity can be 
compromised by heat or enzymatic degradation in composite formulations [141]. Their interaction 
with other ingredients, especially proteins, lipids, and minerals, within the food matrix, might also 
affect bioactivity [142]. 

Despite these challenges, there are promising paths forward. The increasing acceptance of 
personalised nutrition as a regulatory and commercial framework may allow for more flexible claims 
and formulations, especially when linked to biomarkers or companion diagnostics. Progress will also 
depend on improved analytical tools and reference standards for oligosaccharide characterisation, as 
well as robust clinical studies demonstrating efficacy based on defined structural profiles and 
mechanistic endpoints. Collaboration between regulatory agencies, companies and researchers will 
be critical to bridge the gap between the scientific evidence that is being built and market translation. 

In summary, while the application potential of biomass-derived oligosaccharides in health-
promoting foods is significant and can clearly contribute to a more sustainable, efficient, and circular 
food system, the successful application requires (a) modernising the regulatory understanding of 
dietary fibre, (b) expanding health claim criteria beyond microbiota modulation, and (c) addressing 
technical barriers related to standardisation, bioavailability, and formulation. Advancing this agenda 
will not only increase the value of upcycled biomass but also enable the development of more precise, 
effective, and sustainable dietary strategies promoting human health. 

6. Final Remarks 

The valorisation of agro-industrial and forestry biomass into structurally defined 
oligosaccharides offers a compelling opportunity to simultaneously address health, sustainability, 
and innovation challenges. Moving beyond the traditional prebiotic lens, this review highlights how 
specific oligosaccharide structures can directly interact with intestinal and immune system receptors, 
exerting effects on mucosal immunity, inflammation, and gut barrier integrity. These mechanisms 
highlight novel applications in precision nutrition, where oligosaccharides can be tailored to specific 
physiological conditions or health needs. Moreover, advances in green chemistry and enzymatic 
synthesis have made it increasingly feasible to recover or generate bioactive oligosaccharides from 
side streams in a scalable and environmentally conscious manner. Nonetheless, fully realising their 
potential as functional foods or nutraceuticals requires updated regulatory frameworks that account 
for receptor-mediated actions beyond prebiotic potential, and address challenges in standardisation, 
bioavailability, and claim authentication. By integrating mechanistic insights, sustainable production 
strategies, and a novel regulatory framework, bioactive oligosaccharides from upcycled biomass can 
become important ingredients in circular food systems, contributing to both ecological resilience and 
human health. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

AXOS Arabinoxylooligosaccharides 
CLR C-type lectin receptor 
DC Dendritic cell 
DES Deep eutectic solvent 
DP Degree of polymerization 
EFSA European Food Safety Authority 
EMIM Ac  1-ethyl-3-methylimidazolium acetate 
FDA Food and Drug Administration 
FFAR2 Free fatty acid receptor 2 (GPR43) 
FOS Fructooligosaccharides 
GOS Galactooligosaccharides 
GPCR G protein-coupled receptor 
GRAS Generally recognised as safe 
HWE Hot water extraction 
IBD Inflammatory bowel disease 
IL-10 Interleukin-10 
IL-6 Interleukin-6 
LPS Lipopolysaccharide 
MAE Microwave-assisted extraction 
MOS Mannooligosaccharides 
MUC Mucin 
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 
POS Pectic oligosaccharides 
PPARγ Peroxisome proliferator-activated receptor gamma 
PRR Pattern recognition receptor 
SCFA Short-chain fatty acids 
SIGN Specific intercellular adhesion molecule-3-grabbing non-integrin 
SWE Subcritical water extraction 
TFF Tangential flow filtration 
TLR Degree of polymerization 
UAE Ultrasound-assisted extraction 
ZO-1 Zonulla occludens-1 
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