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Abstract

Medicinal and edible homologous plant polysaccharides (MEHPs) and edible and medici-
nal mushroom polysaccharides (EMMPs) have attracted increasing attention due to their
favorable safety profiles and diverse biological activities. However, existing reviews have
mainly focused on individual extraction approaches or specific biological functions, lacking
an integrated perspective that connects extraction strategies, structural characteristics,
modification techniques, and industrial applications. This review provides a comprehen-
sive analysis of MEHPs and EMMPs by systematically summarizing conventional and
advanced extraction technologies, including ultrasound-, microwave-, and enzyme-assisted
extraction, alongside deep eutectic solvent, supercritical fluid, and emerging physically as-
sisted methods. Particular emphasis is placed on extraction mechanisms, kinetic modeling,
structural preservation, and artificial intelligence-assisted process optimization. Further-
more, recent advances in multi-technique structural characterization, chemical modification
strategies, structure—activity relationships, and applications in functional foods, prebiotics,
drug delivery, and health-related fields are discussed. Finally, this review highlights key
challenges limiting industrial translation, including raw material variability, insufficient
higher-order structural characterization, unclear structure—activity relationships, limited
clinical evidence, and regulatory barriers. Future perspectives integrating intelligent manu-
facturing, sustainable processing, and advanced computational approaches are proposed
to facilitate the high-value and sustainable development of MEHPs and EMMPs.

Keywords: medicinal and edible homologous plant and mushroom polysaccharides; green
extraction technologies; structural characterization; functional foods

1. Introduction

Medicinal and edible homologous (MEH) plants and mushrooms, recognized for their
dual nutritional and medicinal attributes, have attracted growing attention as valuable
resources for natural product research and the development of functional foods and health-
related products [1]. Existing evidence indicates that plant-derived species constitute
the predominant category of currently recognized MEH resources. Among the diverse
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bioactive constituents, polysaccharides are increasingly recognized as one of the most exten-
sively investigated macromolecules because of their broad spectrum of biological activities,
including immunomodulatory, antioxidant, metabolic regulatory, and anti-inflammatory
properties [2,3]. Driven by this broad functional potential, research has increasingly shifted
from the traditional utilization of MEHPs toward their modern extraction, structural char-
acterization, and functional evaluation, thereby laying the foundation for their high-value
utilization in food and pharmaceutical applications.

Building upon this shift, recent studies have substantially expanded the understanding
of MEHPs from both methodological and functional perspectives. In particular, accumu-
lating evidence indicates that extraction strategies play a pivotal role in determining the
physicochemical characteristics of polysaccharides. Zhou et al. demonstrated that differ-
ent extraction methods resulted in distinct structural characteristics of Lycium barbarum
polysaccharides [4]. More importantly, structural characterization has become fundamental
to elucidating the differences in their biological activities. Jiang et al. reported that the
immunomodulatory activity of Astragalus membranaceus polysaccharides was closely as-
sociated with their molecular weight and monosaccharide composition [5]. Meanwhile,
increasing attention has been directed toward the application of MEHPs in chronic disease
intervention. In a recent review published in 2025, Li et al. highlighted that MEH-derived
polysaccharides and oligosaccharides may contribute to the management of type 2 diabetes
by modulating the gut microbiota, although their therapeutic potential appears to be highly
dependent on structural characteristics [6]. Although several recent reviews have summa-
rized the preparation, structural characterization, and biological activities of MEHPs, they
mainly focused on specific research topics or disease-oriented applications [7]. A systematic
perspective integrating extraction technologies, structural characterization and modifica-
tion, food and health applications, as well as current research challenges remains limited.
In particular, the relationships between extraction strategies, polysaccharide structures, and
their functional applications have not been comprehensively discussed. Against this back-
ground, the present review systematically summarizes recent advances in MEHPs reported
mainly from 2015 to 2025, with particular emphasis on their sources and classification,
modern extraction technologies, structural characteristics and modification, as well as their
emerging applications in the food and pharmaceutical sectors (Figure 1). Furthermore, the
current challenges and limitations associated with their research and industrial utilization
are critically discussed, and future research priorities are highlighted [8]. Collectively, this
review is expected to provide a useful reference for the rational development, functional
utilization, and value-added application of MEHPs in food and health-related industries.
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Figure 1. Overview of MEHPs and their biological functions. (Created in BioRender. Zheng, J. (2026).
https:/ /BioRender.com/r0y8ps0). Abbreviations: MEHPs, medicinal and edible homologous plant
polysaccharides; IL, interleukin; TNF-«, tumor necrosis factor alpha; NO, nitric oxide; ROS, reactive
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oxygen species; NF-kB, nuclear factor kappa B; PI3K, phosphatidylinositol 3-kinase; AKT, protein
kinase B; GPR41/43, G-protein-coupled receptors 41 and 43.

2. Sources and Classification of MEH Plants and Mushrooms
2.1. Sources and Distribution of MEH Plants and Mushrooms

MEH plants and mushrooms are derived from botanical and fungal resources that can
be consumed as foods while simultaneously exhibiting well-documented pharmacological
activities [9]. According to recent reports, 103 species have been recognized as MEH
resources in China by 2023 [10]. These species are widely distributed across different
regions of China, and considerable interspecific variation exists in both the edible or
medicinal tissues utilized and the sites of polysaccharide accumulation. Such variability
not only reflects their geographical distribution but also has important implications for
the selection of raw materials for polysaccharide extraction and subsequent functional
investigations. Therefore, a systematic overview of polysaccharide sources from different
plant species and tissue types is essential for understanding their resource characteristics
and potential applications.

At the cellular level, polysaccharides are widely distributed in plant and fungal cell
walls, intercellular matrices, and the cytoplasm, and their content and composition are
largely influenced by plant species, tissue type, and environmental conditions [2]. Among
these sources, Lycium barbarum L. is one of the most extensively investigated species and
is predominantly cultivated in northwestern China, particularly in Ningxia, Gansu, and
Qinghai provinces. L. barbarum polysaccharides primarily accumulate in mature dried fruits
and represent one of the major bioactive components investigated for their immunomodu-
latory potential. By comparison, polysaccharides from Astragalus membranaceus are mainly
obtained from dried roots, whereas those from Dioscorea opposita and Pueraria lobata are
predominantly localized in underground tubers and enlarged roots, respectively. These
observations indicate that the tissue-specific distribution of polysaccharides is closely
associated with plant species.

Although the concept of medicinal and edible homologous plants originates mainly
from traditional Chinese dietary and medicinal practices, plant resources with similar
food-health dual functions are also widely distributed worldwide. For example, Aloe vera
and Moringa oleifera have attracted attention as functional plant resources due to their
polysaccharide-associated antioxidant, immunomodulatory, and gastrointestinal health-
promoting properties. Opuntia ficus-indica, widely cultivated in the Mediterranean region
and Latin America, represents another valuable polysaccharide source with potential
applications in functional foods [11]. In addition, Echinacea spp. and Sambucus nigra
have been investigated for their bioactive polysaccharides and health-related functions.
These globally distributed plant resources expand the scope of MEHPs research beyond
traditional Chinese medicinal plants and provide opportunities for developing diverse
polysaccharide-based food and health products [12].

Beyond higher plants, several edible and medicinal fungi are also recognized as im-
portant MEH resources [13]. For example, polysaccharides from Ganoderma lucidum are
primarily isolated from fruiting bodies, whereas those from Poria cocos are mainly extracted
from sclerotia. Notably, growing attention has recently been paid to several underexplored
MEH resources. For instance, polysaccharides derived from Taraxacum officinale have been
demonstrated to exhibit promising antioxidant and anti-inflammatory activities [14]. Col-
lectively, MEH resources exhibit considerable diversity in their polysaccharide structures
and functional properties. For example, Lycium barbarum polysaccharides are typically char-
acterized as acidic heteropolysaccharides rich in uronic acids, which are closely associated
with antioxidant and immunomodulatory activities. Astragalus membranaceus polysaccha-
rides generally exhibit moderate molecular weights and complex heteropolysaccharide

https:/ /doi.org/10.3390/ polysaccharides7030097


https://doi.org/10.3390/polysaccharides7030097

Polysaccharides 2026, 7, 97

4 of 36

structures, contributing to their immune-enhancing effects. In contrast, polysaccharides
from Dioscorea opposita and Pueraria lobata are mainly derived from storage tissues and often
contain glucose- or galactose-rich structures associated with antioxidant and metabolic
regulatory functions. Fungal-derived resources, such as Ganoderma lucidum and Poria cocos,
possess unique structural features, including complex branching patterns and triple-helical
conformations, which contribute to their immunomodulatory and metabolic regulation
activities. These differences highlight that plant species, tissue origin, and polysaccha-
ride structural characteristics collectively determine the functional potential of MEHPs
and EMMPs.

2.2. Structural Types of MEHPs and EMMPs

MEHPs and EMMPs exhibit remarkable structural diversity, which is primarily re-
flected in their charge characteristics, monosaccharide composition, and macromolecular
architecture. Accordingly, these polysaccharides are generally classified based on these
three structural features. Among them, charge characteristics represent one of the fun-
damental criteria for polysaccharide classification. Neutral polysaccharides are typically
devoid of uronic acid residues and are mainly composed of monosaccharides such as
glucose, galactose, and mannose. By contrast, acidic polysaccharides contain galacturonic
acid, glucuronic acid, and/or sulfate groups, which confer an overall negative charge and
largely determine their physicochemical properties.

Kim et al. isolated neutral and acidic polysaccharide fractions from Panax ginseng C.
A. Meyer and compared their structural characteristics and antioxidant activities [15]. The
acidic polysaccharide fraction exhibited stronger free radical scavenging capacity than the
neutral fraction, which was associated with its higher uronic acid content, indicating that
charge-related structural features contribute to the antioxidant potential of polysaccharides.
Polysaccharides can also be classified according to their monosaccharide composition.
Homopolysaccharides are composed of a single type of monosaccharide linked through
glycosidic bonds, whereas heteropolysaccharides consist of two or more monosaccharide
residues. Notably, most naturally occurring MEHPs belong to the latter category. For
example, Ganoderma lucidum polysaccharides have been identified as structurally complex
heteropolysaccharides [16]. Zhang et al. demonstrated that these polysaccharides are
composed of multiple monosaccharide residues, including glucose, mannose, galactose,
and arabinose [17]. Polysaccharides can also be classified according to the architecture of
their glycan backbone. Linear polysaccharides are characterized by continuous, unbranched
chains, whereas branched polysaccharides possess side chains of varying lengths and
compositions attached to the main backbone. Such structural complexity is increasingly
recognized as a key determinant of the three-dimensional conformation of polysaccharides
and may consequently influence their biological functions. For example, Panax ginseng
polysaccharides exhibit a typical branched architecture. Jia et al. demonstrated that their
main backbone is predominantly composed of (1—3)-linked galactopyranosyl residues,
whereas the side chains are enriched in arabinose residues [18].

2.3. Relationship Between Structural Diversity and Biological Functions of MEHPs

The biological activities of MEHPs are closely associated with their structural charac-
teristics. In particular, monosaccharide composition, molecular weight distribution, and
three-dimensional conformation collectively determine their physicochemical properties
and functional performance (Figure 2).
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Figure 2. Relationship between MEHPs, gut microbiota, and host physiological regulation. (Cre-
ated in BioRender. Zheng, J. (2026) https://BioRender.com/2er8kyw). Abbreviations: MEHPs,
medicinal and edible homologous plant polysaccharides; SCFAs, short-chain fatty acids; PI3K, phos-
phatidylinositol 3-kinase; AKT, protein kinase B; PEPCK, phosphoenolpyruvate carboxykinase; G6PC,
glucose-6-phosphatase catalytic subunit; GPR41/43, G-protein-coupled receptors 41 and 43.

Monosaccharide composition is widely recognized as one of the key structural fac-
tors governing the biological activities of polysaccharides [19]. Variations in the relative
abundance of constituent monosaccharides may lead to distinct physicochemical character-
istics and functional performance. In particular, polysaccharides enriched in uronic acids
generally exhibit superior antioxidant capacity. Chen et al. investigated the structural char-
acteristics of polysaccharides isolated from Crataegus pinnatifida leaves and demonstrated
that the galacturonic acid content was positively correlated with their free radical scaveng-
ing capacity [20]. Supporting this trend, recent research has increasingly shown that the
ratios of specific neutral sugars, such as galactose and arabinose, also significantly dictate
immunomodulatory outcomes. For example, Jiang et al. found that the immune-enhancing
efficacy of Astragalus membranaceus polysaccharides was strictly dependent on their specific
monosaccharide ratios, confirming that composition is a primary driver of bioactivity [5].

Beyond composition, molecular weight distribution is another critical structural pa-
rameter influencing the physicochemical properties and biological functions of polysac-
charides [21,22]. Excessively high molecular weight generally leads to increased solution
viscosity, thereby limiting water solubility and bioavailability. Conversely, excessively
low molecular weight may compromise the structural integrity of polysaccharides and
reduce their binding affinity toward immune cell receptors. Zhang et al. fractionated
Astragalus membranaceus polysaccharides according to molecular weight and demonstrated
that the fraction with an intermediate molecular weight exhibited the greatest capacity
to enhance macrophage phagocytic activity [23]. This phenomenon is widely observed
across various MEHPs; as highlighted by Chen et al., while there is no universal optimal
molecular weight, intermediate- to high-molecular-weight fractions typically exhibit the
most potent immunomodulatory and hypoglycemic activities depending on the specific
plant source [21,22]. Three-dimensional conformation represents another key structural
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determinant governing the biological functions of polysaccharides. Linear and branched
polysaccharides adopt distinct molecular conformations, and branched architectures can
further assemble into helical or spherical aggregates, thereby influencing their interac-
tions with specific receptors. In particular, polysaccharides possessing a triple-helical
conformation have been associated with enhanced biological activities, especially in im-
munomodulation and enzyme binding [24].

Collectively, these findings indicate that the higher-order conformations of polysac-
charides provide the structural basis for their biological functions.

3. Modern Extraction Technologies for MEHPs

Conventional polysaccharide extraction methods primarily rely on hot water extrac-
tion (HWE) and acid-base-assisted extraction. Although these techniques remain widely
employed owing to their operational simplicity and relatively low cost, their inherent limi-
tations in extraction efficiency, structural preservation, and environmental sustainability
have become increasingly evident.

3.1. Limitations of Conventional Extraction Methods

HWE is often constrained by prolonged extraction times and relatively low extrac-
tion efficiency. Extended exposure to elevated temperatures may induce the thermal
degradation of polysaccharides, which is typically manifested by a marked reduction in
molecular weight and alterations in glycosidic linkages [25]. Li et al. reported similar
observations during the extraction of Schisandra chinensis polysaccharides [26]. Their results
demonstrated that increasing the extraction temperature promoted the cleavage of the
polysaccharide backbone, thereby compromising structural stability [27]. More importantly,
excessive thermal treatment significantly diminished the immunostimulatory activity of
the extracted polysaccharides. In addition, HWE requires substantial solvent consumption
and energy input, making it less compatible with the principles of green and sustainable
processing [28].

Acid-base-assisted extraction presents two major drawbacks: structural degradation
of polysaccharides and environmental concerns. Strong acidic or alkaline media facilitate
polysaccharide release by disrupting the plant cell wall matrix; however, these harsh condi-
tions can also induce the non-specific hydrolysis of glycosidic linkages. Consequently, key
functional groups, such as acetyl and sulfate groups, may be removed from the polysaccha-
ride side chains, thereby altering their structural characteristics and biological functions.
Chen et al. investigated the influence of alkali concentration on the structural properties of
Poria cocos polysaccharides [29]. Their results demonstrated that strong alkaline treatment
disrupted the native triple-helical conformation of the polysaccharides, leading to a marked
reduction in their antitumor activity. Furthermore, acid-base-assisted extraction generates
considerable amounts of acidic and alkaline wastewater, increasing the environmental bur-
den associated with downstream treatment. Residual chemical reagents may also remain
in the extracts, thereby increasing the complexity of subsequent purification processes.

3.2. Green and Advanced Extraction Technologies

Given the limitations of conventional extraction methods, including low extraction
efficiency, high energy consumption, and the potential for structural degradation of polysac-
charides, growing attention has been paid to the development of green extraction technolo-
gies. These green and advanced approaches mainly include ultrasound-assisted extraction
(UAE), microwave-assisted extraction (MAE), enzyme-assisted extraction (EAE), supercriti-
cal fluid extraction (SFE), and deep eutectic solvent (DES)-based extraction (Figure 3). Com-
pared with conventional extraction methods, these technologies generally achieve higher
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polysaccharide yields under relatively mild operating conditions while better preserving
the structural integrity and biological activity of the extracted polysaccharides [30,31]
(Table 1).

MEHPs Crushing and Pretreatment Solid residues Traditional extraction technology

. ':'

]
'
Dietary Fiber Combined application of multiple extraction techniques v

Modern extraction technology

Figure 3. Emerging extraction technologies for MEHPs preparation. (Solid arrows indicate se-
quential processing steps, and dashed arrows represent alternative pathways or comparisons be-
tween traditional and modern extraction technologies. Created in BioRender. Zheng, J. (2026)
https:/ /BioRender.com/y95jct9).

https://doi.org/10.3390/polysaccharides7030097


https://BioRender.com/y95jct9
https://doi.org/10.3390/polysaccharides7030097

Polysaccharides 2026, 7, 97 8 of 36

Table 1. Critical comparison of conventional and emerging extraction technologies for MEHPs.

: Typical . : Molecular . .
Extraction . Extraction Extraction Energy Con-  Solvent Con- . Environmental Industrial . I
Method E)(()trﬁlci?izﬁs Yield Time sumption sumption ‘I/’Yﬂzlsel;‘t/ation Cost Impact TRL Scalability Major Limitations References
80-100 °C: Long processing time;
HWE 1-4h ¢ Moderate Long High High Excellent Low Moderate 9 Excellent high water and energy ~ [32]
consumption
Acidic Acid cqrrogion, ]
AAE E:OI{IIdlit—igfs High Moderate Moderate Moderate Moderate Low Low 7-8 Good gglsl:;l:llézsggf r;;:gﬁ;;f;é [31]
P degradation
Alkaline Structural degradation
AlAE conditions High Moderate Moderate Moderate Moderate Low Low 7-8 Good and wastewater [33,34]
(pH 10-13) treatment required
Excessive
20-40 kHz; . Low- ultrasonication may -
UAE 20-60 min High Short Moderate Moderate Good Low Good 8 Good decrease molecular [35]
weight
300-800 W; . Local overheating and
MAE 5-20 min High Very short ~ Moderate Low Moderate Moderate ~ Good 7 Moderate scale-up challenges [36,37]
gellr;vda.lrli High enzyme cost and
EAE ere1§ melzs 8 High Moderate Low Low Excellent High Excellent 6 Moderate enzyme recovery [38]
35—%’5 °oC limitations
DES/NADES Solvent recovery and
DES systems; High Moderate Low Very low Excellent Moderate  Excellent 4-5 Emerging regulatory approval [39]
40-80°C remain challenging
Pulsed electric 1 High Very short L L Excellent High Excellent 56  Developi and Tkt mdustal 140
field (PEF) 1-30 kV cm ig ery shor oW oW xcellen ig xcellen — eveloping and limited industria [40]
adoption
. : Electrical
Ohmic heating resistance High Short Low Low Good Moderate  Excellent 5-6 Developing Performance dep er.ld's [41]
(OH) heating on sample conductivity
; Rotor—stator Equipment
Hyc;lrodynamlc or Venturi High Short Low Low Good Moderate  Excellent 4-5 Emerging optimization still [7]
cavitation (HC)
reactor required
. Limited penetration
Iggzziﬂ;ff&ﬁfg) géggf; %\-1/11?5 (illerate— Short Low Low Good Moderate  Excellent 4-5 Emerging depth and scarce [42]

industrial validation

-, 0. High-pressure
S;lg_ :zlttilgil(‘évvavt% %3(1)621\2/8, aC, High Short Moderate Very low Good High Excellent 5-6 Developing equipment and possible  [43]

thermal degradation
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3.2.1. Ultrasound-Assisted Extraction (UAE)

UAE is one of the most widely investigated green extraction technologies for polysac-
charides. Its extraction mechanism is primarily based on the cavitation effect. During
ultrasonic treatment, acoustic waves propagate through the extraction medium, generating
alternating cycles of compression and rarefaction that lead to the formation of numerous
microbubbles. Under continuous ultrasonic irradiation, these microbubbles rapidly expand
and collapse, producing intense shear forces and microjet effects [44]. These mechanical
forces effectively disrupt the rigid plant cell wall, thereby increasing the permeability of
the plant matrix and facilitating solvent penetration into intracellular regions [45]. Conse-
quently, intracellular polysaccharides can be released and transferred into the extraction
solvent more efficiently. Compared with conventional extraction methods, UAE markedly
shortens extraction time while operating at relatively low temperatures [46]. More impor-
tantly, these mild processing conditions contribute to the preservation of the structural
integrity and biological activity of thermosensitive polysaccharides.

UAE has been extensively applied to the extraction of polysaccharides from a wide
variety of MEH plant materials [47]. Hou et al. optimized the UAE conditions for extract-
ing polysaccharides from Chrysanthemum morifolium using response surface methodology
(RSM) [48]. Compared with conventional hot reflux extraction, UAE did not significantly
affect the monosaccharide composition or Fourier-transform infrared (FI-IR) spectral
characteristics of the polysaccharides. More importantly, the extracted polysaccharides
exhibited enhanced antioxidant activity and stronger x-glucosidase inhibitory activity.
More recent studies have extended the application of UAE to the extraction of polysaccha-
rides from fermented Astragalus membranaceus. Ultrasonic treatment was demonstrated to
increase polysaccharide yield while enhancing antioxidant activity [49]. Similarly, UAE
has also been employed for the extraction of polysaccharides from Morus alba leaves. The
ultrasonic treatment effectively promoted cell wall disruption, increased the contents of
total sugars and uronic acids, and consequently enhanced free radical scavenging capac-
ity. Nevertheless, excessive ultrasonic intensity or prolonged treatment may promote
polysaccharide depolymerization, resulting in decreased molecular weight and altered
bioactivity. Therefore, optimization of ultrasonic power, treatment duration, and extraction
temperature is critical for maximizing extraction performance while preserving structural
integrity [50]. When properly optimized, these collective findings demonstrate that UAE
is applicable not only to individual plant systems but also to the efficient extraction of
polysaccharides from a broad range of MEHPs and other medicinal and edible resources.

3.2.2. Microwave-Assisted Extraction (MAE)

MAE is an emerging extraction technology that utilizes electromagnetic energy to
enhance extraction efficiency. Its extraction mechanism primarily relies on rapid internal
heating induced by molecular polarization. During microwave irradiation, electromagnetic
waves penetrate the plant matrix and interact directly with polar molecules, particularly
water molecules, within plant cells. The oscillation and friction of these molecules generate
heat rapidly, leading to a sharp increase in intracellular temperature and pressure. Once
the internal pressure exceeds the mechanical strength of the cell wall, disruption of the cell
wall and plasma membrane occurs, facilitating the release of intracellular polysaccharides.
Consequently, mass transfer resistance is markedly reduced, allowing polysaccharides to
be extracted more rapidly and efficiently [51,52].

MAE has been widely applied to enhance the extraction efficiency of polysaccharides
from diverse plant sources. Wu et al. employed this technique to extract polysaccharides
from Cassia obtusifolia seeds and optimized the extraction conditions, including microwave
power, extraction time, and liquid-to-solid ratio, using response surface methodology
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(RSM) [53]. Compared with conventional HWE, MAE significantly increased polysac-
charide yield while markedly shortening the extraction time. More importantly, the ex-
tracted polysaccharides retained favorable antioxidant activity, suggesting that microwave
treatment can enhance extraction efficiency without compromising structural integrity.
Emerging evidence further suggests that MAE offers several advantages, including rapid
volumetric heating, reduced energy consumption, and improved mass transfer efficiency.
Collectively, these characteristics make MAE a promising strategy for the efficient extraction
of natural polysaccharides. However, localized overheating may compromise the stability
of heat-sensitive polysaccharides, and challenges associated with microwave penetration
and reactor design still limit large-scale industrial implementation [54].

3.2.3. Enzyme-Assisted Extraction (EAE)

EAE is a green extraction technology characterized by mild operating conditions and
high substrate specificity. It employs hydrolytic enzymes, such as cellulase and pectinase,
to selectively degrade the cellulose and pectin networks that constitute the plant cell wall.
Following enzymatic disruption of the cell wall matrix, intracellular polysaccharides can be
released and transferred into the extraction solvent with improved efficiency. Unlike con-
ventional extraction methods that rely on elevated temperatures or extreme pH conditions,
EAE is typically performed under relatively mild temperatures and near-neutral pH condi-
tions. Consequently, the glycosidic linkages within the polysaccharide backbone remain
largely preserved, enabling efficient polysaccharide extraction while maintaining their
native three-dimensional conformation and functional groups. More importantly, these
advantages make EAE particularly suitable for extracting thermosensitive polysaccharides
that are susceptible to thermal degradation.

EAE has been extensively applied to the extraction of polysaccharides from MEHPs.
Chen et al. employed EAE to extract polysaccharides from Astragalus membranaceus and
optimized the enzymatic hydrolysis conditions using response surface methodology (RSM).
Enzymatic treatment was demonstrated to significantly increase polysaccharide yield while
preserving the structural integrity of the extracted polysaccharides [55]. Similarly, Liu et al.
reported that the combined use of cellulase and pectinase effectively disrupted the plant cell
wall matrix during the extraction of polysaccharides from Dioscorea opposita, thereby facili-
tating polysaccharide release and improving extraction efficiency [56]. In addition, Wang
et al. demonstrated that EAE enhanced extraction efficiency while minimizing polysac-
charide degradation during the extraction of polysaccharides from Taraxacum officinale
leaves under mild operating conditions [57]. As highlighted by these studies, this ability to
operate under mild conditions makes EAE particularly advantageous for preserving native
polysaccharide structures. Despite these benefits, high enzyme costs, enzyme specificity,
and limited enzyme recyclability remain important barriers to industrial-scale application.
Future developments in enzyme immobilization and multi-enzyme systems may further
improve its economic feasibility.

3.2.4. Supercritical Fluid Extraction (SFE)

Supercritical fluid extraction (SFE) is an environmentally friendly extraction technol-
ogy that typically employs supercritical carbon dioxide (CO;) as the extraction medium.
Owing to the highly polar nature of polysaccharides, polar modifiers such as water or
ethanol are commonly introduced as co-solvents (entrainers) to enhance their extraction
efficiency. Under supercritical conditions, CO, exhibits unique physicochemical properties,
combining gas-like diffusivity with liquid-like solvating capacity. These characteristics en-
able the supercritical fluid to penetrate deeply into the plant matrix, thereby facilitating the
dissolution and mass transfer of polysaccharides. Following extraction, depressurization
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allows CO; to rapidly revert to its gaseous state and separate completely from the extract,
producing polysaccharide fractions with high purity and negligible solvent residues. More
importantly, SFE is generally conducted under relatively mild thermal conditions, which
contributes to preserving the native physicochemical properties and biological activity of
polysaccharides to a greater extent than conventional extraction methods.

The extraction of polysaccharides from Panax ginseng using supercritical CO; technol-
ogy further demonstrates the advantages of SFE. Compared with conventional HWE, SFE
exhibited superior performance in improving polysaccharide purity and enriching target
polysaccharide fractions. Zhang et al. reported that the yield of P. ginseng polysaccharides
reached 38.03%, while the purity increased to 54.71% following SFE. These values were
16.15% and 13.44% higher, respectively, than those obtained using conventional HWE [57].
Further compositional analysis revealed significantly higher proportions of glucose, galac-
tose, and arabinose in the SFE-derived polysaccharides than in those obtained by HWE.
Collectively, these findings suggest that SFE exhibits excellent selectivity toward specific
polysaccharide fractions, thereby facilitating the enrichment of bioactive polysaccharide
components. Further improvements in extraction efficiency, process economics, and scale-
up feasibility are still required before widespread industrial application can be realized.

3.2.5. Deep Eutectic Solvent (DES)-Based Extraction

DESs have emerged as a novel class of green extraction media for the recovery of
natural products. They are typically prepared by combining a hydrogen bond donor (HBD),
such as urea or glycerol, with a hydrogen bond acceptor (HBA), such as a quaternary ammo-
nium salt, at an appropriate molar ratio [58]. Compared with conventional organic solvents,
DESs are characterized by low toxicity, negligible volatility, and excellent biodegradabil-
ity. In polysaccharide extraction, the polarity of DESs can be readily tailored by varying
the composition and molar ratio of the HBD and HBA, allowing the solvent system to
better match the physicochemical properties of target polysaccharides [59,60]. During
extraction, the extensive hydrogen-bonding network within DESs effectively disrupts the
plant cell wall matrix while simultaneously establishing strong intermolecular interactions
with polysaccharide molecules [61]. Consequently, mass transfer resistance is reduced,
thereby facilitating the release and dissolution of polysaccharides from the plant matrix
into the extraction medium. The effectiveness of DESs for polysaccharide extraction from
complex biological matrices has been demonstrated in several studies [62]. Liu and Tan
developed a DES-based aqueous two-phase system for the extraction of polysaccharides
from Astragalus membranaceus and systematically evaluated the extraction performance of
DESs with different compositions. Their results demonstrated that the DES composed of
choline chloride and urea at a molar ratio of 1:1 achieved the highest extraction efficiency.
Following statistical optimization, the extraction system produced a polysaccharide yield
of 141.11 mg/g under the optimized conditions of 60 °C for 60 min [63]. The advantages
of DESs have also been demonstrated in the extraction of polysaccharides from Dioscorea
opposita [64]. Zhang and Wang prepared a series of choline chloride-based DESs and
systematically evaluated their extraction efficiency for D. opposita polysaccharides. Com-
parative experiments demonstrated that an optimized DES system significantly increased
polysaccharide yield compared with conventional water extraction. More importantly,
subsequent physicochemical characterization confirmed that the major structural features
of the extracted polysaccharides were well preserved. The authors further suggested that
the extensive hydrogen-bonding network within DESs enhanced the affinity between the
solvent and the plant matrix, thereby promoting polysaccharide extraction. These findings
demonstrate that DESs represent an efficient and environmentally friendly alternative to
conventional solvents for the extraction of natural polysaccharides [65]. However, their
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relatively high viscosity, solvent recovery, and regulatory acceptance for food applications
remain major challenges before large-scale commercialization can be achieved.

3.2.6. Emerging Physical-Assisted Extraction Technologies

In addition to ultrasound-, microwave-, enzyme-, and solvent-based extraction meth-
ods, several emerging physical-assisted technologies, including pulsed electric field (PEF),
ohmic heating (OH), hydrodynamic cavitation (HC), infrared-assisted extraction (IRAE),
and subcritical water extraction (SWE), have attracted increasing attention for polysaccha-
ride extraction. These approaches generally aim to enhance mass transfer, reduce extraction
time and energy consumption, and improve the sustainability of extraction processes.

PEF is a non-thermal technology that enhances cell membrane permeability through
electroporation induced by short high-voltage pulses, thereby facilitating the release of
intracellular polysaccharides [66]. PEF offers advantages in reducing thermal degrada-
tion and improving extraction efficiency; however, its application is still limited by high
equipment costs and insufficient scale-up validation.

OH utilizes electrical resistance within plant materials to generate rapid and uniform
internal heating, which can accelerate mass transfer and shorten extraction time. Despite
its high energy efficiency and potential for continuous processing, OH performance is
strongly dependent on material conductivity, and further optimization is required for
diverse MEH resources.

HC promotes cell disruption and mass transfer through the formation and collapse of
vapor cavities generated by pressure changes. Compared with ultrasonic cavitation, HC
shows potential advantages in continuous operation and industrial scalability, although
challenges related to reactor design and process optimization remain [67].

IRAE uses infrared radiation to provide rapid heating and improve solvent pene-
tration, offering reduced energy consumption and shorter processing times. However,
limited penetration depth and insufficient large-scale studies currently restrict its broader
application [44].

SWE employs high-temperature pressurized water as an environmentally friendly
extraction medium, reducing the need for organic solvents and improving extraction
efficiency. Nevertheless, the requirement for high-pressure equipment and potential ther-
mal effects on polysaccharide structures remain important considerations for industrial
implementation [43].

Overall, these emerging physical-assisted technologies provide promising alternatives
for sustainable MEHP extraction. Compared with mature methods such as hot water
extraction, they generally offer advantages in extraction efficiency, energy utilization,
and environmental performance. However, most of them remain at laboratory or pilot
scales, and further studies on process standardization, economic feasibility, and industrial
scalability are required before commercial application.

3.3. Extraction Kinetics and Mass-Transfer Mechanisms

While the aforementioned extraction technologies offer distinct advantages for improv-
ing the recovery of MEHPs, their overall efficiency is ultimately governed by the underlying
mass-transfer behavior between plant matrices and extraction solvents. Polysaccharide
extraction involves several sequential processes, including solvent penetration, cell wall
disruption, dissolution, diffusion, and equilibrium establishment. Understanding these
mechanisms is essential for explaining the performance differences among extraction
technologies and optimizing extraction conditions.

During extraction, polysaccharide release generally exhibits a rapid initial stage fol-
lowed by a slower equilibrium stage. The initial stage is mainly associated with the
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dissolution of easily accessible polysaccharides and a high concentration gradient between
the plant matrix and solvent, whereas the later stage is controlled by internal diffusion
resistance. Different extraction technologies enhance mass transfer through distinct mecha-
nisms. For example, UAE promotes diffusion through cavitation-induced cell disruption,
MAE accelerates mass transfer through volumetric heating, and EAE improves solvent
accessibility by degrading plant cell-wall structures [68].

Kinetic models provide quantitative approaches for describing extraction behavior.
Fickian diffusion models are widely used to explain solute migration driven by concentra-
tion gradients and to estimate effective diffusion coefficients during solid-liquid extraction.
However, their simplified assumptions may limit application in complex plant matrices
involving multiple simultaneous mechanisms [32]. The second-order kinetic model is
frequently applied to describe nonlinear extraction processes involving diffusion and
desorption, providing useful parameters for evaluating extraction rate and equilibrium
capacity [69]. In addition, the Peleg model is commonly used to characterize extraction
systems with rapid initial release followed by gradual equilibrium, allowing prediction of
initial extraction rate and extraction capacity under different processing conditions [70].

Integrating kinetic modeling with extraction technology evaluation provides a mech-
anistic basis for process optimization and scale-up. Future MEHP extraction strategies
should consider not only extraction yield but also polysaccharide structural preservation,
energy consumption, and economic feasibility. Combining kinetic analysis with advanced
optimization approaches, such as artificial intelligence-assisted prediction, may further
promote the development of efficient and scalable extraction processes [71].

3.4. Combined Application of Multiple Extraction Technologies

A single extraction technique often exhibits limited efficiency when processing dense
plant matrices, primarily because of insufficient matrix penetration and restricted mass
transfer. To overcome these limitations, increasing attention has been directed toward
the integration of multiple extraction technologies. Combining complementary physical-
assisted extraction techniques with biochemical approaches produces synergistic effects,
enhancing extraction efficiency while minimizing structural damage to polysaccharides.

Among the various integrated extraction strategies, the combination of UAE and EAE
has been widely employed to improve the efficiency of plant cell wall disruption. Under
conventional extraction conditions, the effectiveness of enzymatic hydrolysis is often lim-
ited by poor substrate accessibility. Ultrasound-induced cavitation effectively disrupts the
plant cell wall matrix and increases tissue porosity, thereby facilitating enzyme penetration
and enhancing enzyme—substrate interactions. Wang et al. demonstrated that the incor-
poration of physical-assisted extraction into the enzymatic extraction of polysaccharides
from Rosa roxburghii Tratt. not only accelerated the enzymatic hydrolysis process but also
enhanced the antioxidant activity of the extracted polysaccharides [72]. Similarly, Yin et al.
reported that ultrasonic or microwave pretreatment effectively promoted cell wall disrup-
tion and facilitated polysaccharide release during the extraction of polysaccharides from
Cornus officinalis [73]. Collectively, these findings demonstrate that physical pretreatment
enhances substrate accessibility, thereby substantially improving the extraction efficiency
of EAE.

Beyond overcoming structural barriers within plant tissues, integrated extraction
strategies can also improve mass transfer during the extraction process. DESs generally
exhibit relatively high viscosity at room temperature, which may restrict the diffusion of
polysaccharide molecules and consequently reduce extraction efficiency. The incorporation
of physical-assisted techniques, such as ultrasound or microwave treatment, can decrease
solvent viscosity through mechanical or thermal effects, thereby facilitating mass transfer.
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Zhang and Wang demonstrated that ultrasonic treatment significantly enhanced the mass
transfer performance of DESs, resulting in improved extraction efficiency of polysaccharides
from Dioscorea opposita [65]. Similarly, Ji et al. reported that the incorporation of ultrasonic
treatment into an aqueous two-phase extraction system significantly increased the yield of
polysaccharides from Ziziphus jujuba [4]. Collectively, these findings indicate that physical-
assisted techniques effectively reduce mass transfer resistance in highly viscous extraction
systems, thereby improving polysaccharide recovery.

Physical pretreatment strategies have also attracted increasing attention as an effective
approach for improving the structural characteristics of plant materials prior to polysac-
charide extraction [74]. For example, cold plasma treatment can generate microporous
structures on the plant surface, thereby enhancing solvent penetration and facilitating sub-
sequent polysaccharide extraction. Yang et al. demonstrated that the combined application
of high-pressure and ultrasonic treatments effectively disrupted the tissue structure of Hov-
enia dulcis, resulting in enhanced polysaccharide release and improved in vitro biological
activity of the extracted polysaccharides [75]. These findings further highlight the potential
of physical pretreatment to modify plant matrices, thereby improving extraction efficiency
and preserving polysaccharide functionality.

Collectively, current evidence suggests that the advantages of integrated extraction
strategies are primarily reflected in the improvement of plant matrix disruption, the re-
duction in mass transfer resistance, and the enhancement of overall extraction efficiency
(Figure 4). More importantly, the complementary integration of different extraction tech-
niques enables these benefits to be achieved simultaneously, thereby overcoming the
inherent limitations associated with individual extraction methods. From a practical per-
spective, selecting appropriate combinations of extraction technologies according to the
characteristics of different plant matrices is essential for maximizing polysaccharide re-
covery while minimizing structural damage. Such integrated optimization is increasingly
recognized as an effective strategy for achieving efficient polysaccharide extraction while
preserving their structural integrity and functional properties.
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Figure 4. Integrated extraction strategies for MEHPs production. (Created in BioRender. Zheng, J.
(2026) https:/ /BioRender.com/lif3efm).
3.5. Process Optimization Strategies

The extraction efficiency of polysaccharides is governed by the interactions among
multiple process variables, including extraction temperature, extraction time, and liquid-to-
solid ratio. Conventional one-factor-at-a-time (OFAT) experiments are often inadequate for
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quantitatively evaluating the synergistic and antagonistic interactions among these vari-
ables [76]. Therefore, growing attention has been paid to the application of mathematical
modeling for extraction process optimization, with the aim of maximizing polysaccharide
recovery while reducing energy consumption.

Response surface methodology (RSM) is one of the most widely adopted statistical
tools for extraction process optimization. Based on multivariate experimental designs, RSM
establishes quadratic polynomial regression models to describe the relationships between
process variables and the target response. This approach enables the quantitative evaluation
of interactions among multiple process variables and facilitates the identification of optimal
extraction conditions. In a representative study, Ji et al. employed RSM to optimize the
ultrasound-assisted aqueous two-phase extraction of polysaccharides from Ziziphus jujuba
cv. Muzao [72]. The RSM model revealed a significant interaction between extraction
temperature and solvent composition, leading to a marked improvement in polysaccharide
yield. Similarly, Xue et al. applied RSM to optimize the key operating parameters for
the ultrafiltration-assisted extraction of polysaccharides from Dioscorea opposite [77]. Their
findings further demonstrated the effectiveness and reliability of RSM as a practical tool
for optimizing conventional polysaccharide extraction processes.

Despite its widespread application in extraction process optimization, RSM is inher-
ently constrained by the assumption of a quadratic polynomial model, which may limit
its predictive capability when applied to complex extraction systems. The extraction of
MEHPs involves multiple coupled processes, including cell wall disruption, mass transfer,
and heat transfer, resulting in highly nonlinear interactions among process variables [78].
As the number of process variables increases or extraction conditions become more com-
plex, the predictive accuracy of RSM may gradually decline, making it difficult to reliably
identify the true optimum. Consequently, the fitted model may exhibit reduced accuracy
and increased prediction errors, particularly in highly nonlinear extraction systems. Com-
pared with RSM, artificial neural networks (ANNSs) do not require predefined mathematical
assumptions and can capture complex nonlinear relationships among multiple process vari-
ables. Therefore, ANN-based models generally show higher predictive capability in highly
complex extraction systems involving multiple interacting factors. However, unlike RSM,
ANN models usually require larger datasets and provide limited interpretability, which
may restrict their application in industrial decision-making where process transparency is
essential [79].

To overcome these limitations, artificial intelligence (Al)-based and machine learning
(ML) approaches have emerged as promising alternatives for extraction process optimiza-
tion. In particular, artificial neural networks (ANNSs), support vector regression (SVR),
random forest (RF), extreme gradient boosting (XGBoost), and genetic algorithm-assisted
optimization (ANN-GA) have attracted increasing attention owing to their superior capa-
bility for modeling complex nonlinear systems [80]. Unlike RSM, which relies on prede-
fined mathematical equations, ML algorithms establish nonlinear relationships between
process variables and target responses through data-driven learning. These approaches
have demonstrated distinct advantages in handling complex plant matrices and high-
dimensional datasets. Among these approaches, RF models are particularly useful for
identifying the relative importance of extraction variables and handling nonlinear interac-
tions while maintaining good interpretability. XGBoost, as an advanced gradient boosting
algorithm, provides high predictive accuracy for complex extraction datasets by capturing
nonlinear relationships among multiple process parameters. Furthermore, ANN-GA hy-
brid models combine the strong prediction capability of ANNs with the global optimization
ability of genetic algorithms, enabling efficient identification of optimal extraction condi-
tions with fewer experimental trials. For example, Meng et al. reported that SVR-based
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models achieved high predictive accuracy for complex extraction systems while effectively
reducing the prediction bias associated with conventional statistical models [81]. Similarly,
Wau et al. demonstrated that deep belief networks (DBNs) exhibited superior feature ex-
traction capability and better generalization performance than conventional linear models
when applied to complex plant-derived signals [82]. Collectively, these findings demon-
strate that both ANN-based models and tree-based algorithms (such as RF and XGBoost)
offer unique advantages through ensemble learning strategies, providing powerful tools
for comprehensive extraction optimization. Bayesian optimization has also emerged as
an efficient optimization approach by minimizing experimental requirements through
sequential selection of optimal processing conditions. These approaches are particularly
valuable for MEHP extraction, where extensive experimental optimization is often time-
consuming and resource-intensive. Collectively, these findings suggest that Al-driven
approaches are increasingly recognized as powerful tools for modeling and optimizing
complex polysaccharide extraction processes [83].

Recent advances further indicate that Al-based extraction optimization is moving
toward intelligent and interpretable systems. Digital twins, which integrate real-time
monitoring data, mechanistic models, and machine learning algorithms, provide opportu-
nities for dynamic prediction and adaptive control of extraction processes [84]. Meanwhile,
explainable artificial intelligence (XAI) approaches can improve model transparency by
identifying the contribution of individual process variables to extraction performance,
which is important for industrial adoption [36]. In summary, extraction process optimiza-
tion is gradually shifting from conventional statistical approaches based on quadratic
regression models toward data-driven machine learning strategies. Under complex multi-
variable conditions, ML algorithms not only improve predictive accuracy but also enhance
the robustness and adaptability of process optimization. More importantly, their ability
to capture complex nonlinear relationships provides a reliable foundation for scaling up
extraction processes from laboratory research to industrial production. ML is increasingly
recognized as a promising tool for developing efficient, intelligent, and sustainable extrac-
tion strategies for MEHPs. In the future, Al may further enable simultaneous prediction
of polysaccharide structural characteristics and biological activities by integrating extrac-
tion parameters, molecular descriptors, structural characterization data, and bioactivity
profiles [85]. However, the development of such predictive models remains challeng-
ing due to the structural heterogeneity of polysaccharides and the lack of standardized
high-quality datasets.

4. Structural Characteristics and Modification of MEHPs
4.1. Structural Characterization of MEHPs and Multi-Technique Approaches

The biological activities of MEHPs are closely associated with their complex physic-
ochemical structures. However, current structural characterization studies have largely
focused on primary structural features, whereas higher-order conformations remain in-
sufficiently characterized. This methodological limitation hinders the direct correlation
between the structural characteristics of polysaccharides and their biological functions,
thereby impeding a comprehensive understanding of their structure—activity relationships
(SARs). Therefore, overcoming the limitations of individual analytical techniques has
become increasingly important (Figure 5). Crucially, the integration of complementary
analytical platforms enables high-resolution characterization spanning from monosaccha-
ride composition and glycosidic linkages to three-dimensional conformations, thereby
providing a robust foundation for establishing reliable SARs.
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Figure 5. Workflow for purification, structural characterization, and functional evaluation of
MEHPs. (A) Medicinal and edible homologous plants; (B) Extraction methods; (C) Purification
workflow; (D) Structural features and bioactivity evaluation. (Created in BioRender. Zheng, J. (2026)
https:/ /BioRender.com/gw1lbne). Abbreviations: HWE, hot water extraction; UAE, ultrasound-
assisted extraction; MAE, microwave-assisted extraction; EAE, enzyme-assisted extraction; GC-MS,
gas chromatography-mass spectrometry; HPLC-MS, high-performance liquid chromatography-
mass spectrometry; AFM, atomic force microscopy; GPC, gel permeation chromatography; DEAE,
diethylaminoethyl; MW, molecular weight.

4.1.1. Primary Structure Characterization

Accurate characterization of the primary structure is fundamental to polysaccharide
research. In addition to monosaccharide composition, the primary structure encompasses
glycosidic linkage patterns, branching characteristics, and the precise distribution of sub-
stituent groups, all of which are closely associated with the physicochemical properties and
biological functions of polysaccharides [86]. Conventional chromatographic techniques
alone are often insufficient for accurately resolving the complex branching architecture of
polysaccharides. Therefore, the integration of high-performance liquid chromatography—
mass spectrometry (HPLC-MS) and gas chromatography-mass spectrometry (GC-MS)
has become a powerful analytical strategy for primary structural characterization. More
importantly, the incorporation of mass spectrometry enables high-resolution structural
elucidation through the generation of characteristic fragment ions by collision-induced
dissociation (CID) [87]. This integrated analytical approach has significantly improved
the accuracy of identifying monosaccharide composition, glycosidic linkage patterns, and
branching structures, thereby providing reliable structural information for SAR studies [88].

In practical structural characterization, the integration of chromatographic and mass
spectrometric techniques has substantially improved the accuracy and resolution of polysac-
charide structural analysis [89]. Yang et al. combined GC-MS with a derivatization strategy
to accurately determine the monosaccharide composition and glycosidic linkage patterns
of Dendrobium polysaccharides [90]. To overcome the challenge of resolving the complex
branching architecture of polysaccharides, Li et al. developed a novel LC-MS/MS-based
quantitative analytical platform [52,91]. By analyzing characteristic fragment ions derived
from aldononitrile acetate derivatives, this approach enabled the precise characterization
of monosaccharide composition, glycosidic linkage patterns, and branching structures.
Collectively, these high-resolution hyphenated analytical techniques provide robust struc-
tural evidence for elucidating the backbone architecture of polysaccharides and lay a solid
foundation for subsequent higher-order structural characterization and SAR studies.
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4.1.2. Advanced Structure Characterization and Multi-Technique Approaches

Although primary structural characterization provides fundamental chemical infor-
mation, the higher-order structures adopted by polysaccharides in solution, including
helical conformations and three-dimensional architectures, are increasingly recognized as
the structural basis underlying their biological functions [92]. However, no single analytical
technique can comprehensively characterize the complex spatial organization of polysaccha-
rides. Therefore, the complementary integration of atomic force microscopy (AFM), circular
dichroism (CD), and nuclear magnetic resonance (NMR) has become an indispensable
strategy for higher-order structural characterization [93]. Within this integrated analytical
framework, AFM enables the direct visualization of the three-dimensional morphology
and aggregation behavior of polysaccharide molecules. CD is particularly sensitive to
conformational changes in helical secondary structures, whereas NMR provides detailed
insights into intramolecular hydrogen-bonding networks and spatial interactions among
functional groups [94]. Collectively, the complementary application of these techniques
enables a more comprehensive understanding of polysaccharide conformations, thereby
providing a solid structural basis for elucidating SARs.

The complementary application of advanced structural characterization techniques has
substantially enhanced the understanding of the relationship between polysaccharide con-
formation and biological function. Zhu et al. systematically characterized polysaccharides
from Astragalus membranaceus using AFM, CD spectroscopy, and Congo red assays [95].
Their results demonstrated that these polysaccharides adopted a stable triple-helical confor-
mation in solution, which was closely associated with enhanced «-glucosidase inhibitory
activity. Similarly, Ji et al. investigated the higher-order structures of polysaccharides from
Ziziphus jujuba [96]. By integrating AFM observations of molecular aggregation behavior
with spectroscopic analyses, they successfully characterized the three-dimensional confor-
mational features of these polysaccharides. These findings demonstrate that the integration
of complementary structural characterization techniques enables a more comprehensive
and reliable elucidation of higher-order polysaccharide structures, thereby facilitating a
deeper understanding of their SARs.

Building upon these insights, such multidimensional analytical strategies—combining
high-resolution mass spectrometry with conformational techniques like AFM, CD, and
NMR—provide a robust foundation for deciphering the biological functions of MEHPs.
Nevertheless, despite these analytical advances, the individual contributions of specific
structural features to biological activities remain difficult to distinguish because multiple
structural parameters, such as molecular weight, monosaccharide composition, glycosidic
linkages, branching degree, and higher-order conformations, often vary simultaneously.
Therefore, the current understanding of the major structural determinants governing
MEHP bioactivities is summarized in Table 2, highlighting representative structure-activity
relationships together with the current evidence and remaining research limitations.

Table 2. Critical structure-activity relationships of MEHPs.
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4.2. Regulation of Polysaccharide Functions Through Structural Modification

Native MEHPs generally possess relatively high molecular weights and complex
branched architectures. These intrinsic structural characteristics are often associated with
limited water solubility, pronounced steric hindrance, and consequently reduced bioavail-
ability and biological functions [99]. To overcome these physicochemical constraints, a
variety of chemical modification strategies have been extensively explored to tailor the
structural properties of polysaccharides [98]. Growing attention has been paid to elucidat-
ing the molecular mechanisms underlying the enhanced biological activities of structurally
modified polysaccharides, rather than merely describing changes in their apparent func-
tional properties. More importantly, this research paradigm has substantially advanced
the understanding of polysaccharide SARs and provides a theoretical basis for the ratio-
nal design of polysaccharides with improved physicochemical properties and biological
performance [100].

The primary objective of structural modification is to tailor the charge distribution
and spatial conformation of polysaccharides through targeted chemical substitution [101].
Among the various modification strategies, sulfation, acetylation, and carboxymethyla-
tion are the most extensively investigated owing to their effectiveness in improving the
physicochemical properties and biological functions of polysaccharides [102]. Of these
approaches, sulfation is one of the most representative modification strategies, whereby
negatively charged sulfate groups are introduced into the hydroxyl groups of polysaccha-
ride chains. The electrostatic repulsion generated among these sulfate groups promotes
the extension of the originally compact and coiled molecular chains, resulting in a more
expanded molecular conformation. More importantly, this conformational rearrangement
not only enhances the affinity of polysaccharides for aqueous media, thereby improving
their water solubility, but also increases the exposure of bioactive binding sites. The en-
hanced accessibility of these sites facilitates stronger interactions between polysaccharides
and cell-surface receptors, which may subsequently activate specific intracellular signaling
pathways and ultimately contribute to enhanced biological functions (Figure 6). Beyond
conventional modifications, phosphorylation, selenization, and hydrophobic derivatization
have recently attracted increasing attention. Phosphorylation introduces phosphate groups
into polysaccharide chains, altering charge density and molecular interactions, which may
contribute to enhanced antioxidant and immunomodulatory activities [103]. Seleniza-
tion provides selenium-containing functional groups and has been reported to improve
antioxidant capacity and biological regulation. Hydrophobic derivatization introduces
non-polar groups into polysaccharide structures, generating amphiphilic derivatives with
improved interfacial properties and potential applications in drug delivery and functional
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materials. However, the biological effects of these modifications remain highly dependent
on substitution degree, modification position, and polysaccharide backbone structure [104].
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Figure 6. Structural modification strategies for MEHPs. (A) Sulfation modification; (B) Acetylation
modification; (C) Carboxymethylation modification. Red bold letters indicate the modified functional
groups (R and RO). (Created in BioRender. Zheng, J. (2026). https:/ /BioRender.com/xmks8ky).

Comparative studies have provided compelling evidence that structural modifica-
tion can effectively regulate the conformation and biological functions of polysaccharides.
Peng et al. performed targeted sulfation of a native water-soluble polysaccharide isolated
from Citrus medica L. var. sarcodactylis and systematically compared the physicochemical
properties and biological functions of the native polysaccharide with those of its sulfated
derivative [105]. The results demonstrated that sulfation markedly improved the water
solubility of the polysaccharide. More importantly, in vitro cellular assays revealed that sul-
fated derivatives with an appropriate degree of substitution exhibited significantly stronger
immunostimulatory activity than the native polysaccharide. In addition to sulfation, the
introduction of metal complexes through chemical derivatization has also emerged as an
effective strategy for modulating the charge distribution and conformational properties of
polysaccharides. Song et al. prepared a chromium-polysaccharide complex derived from
garlic polysaccharides, which induced localized conformational rearrangements within
the native polysaccharide [106]. Both in vitro and in vivo experiments demonstrated that
this structural modification significantly enhanced its hypoglycemic activity. These find-
ings demonstrate that functional group substitution plays a pivotal role in regulating the

https://doi.org/10.3390/polysaccharides7030097


https://BioRender.com/xmks8ky
https://doi.org/10.3390/polysaccharides7030097

Polysaccharides 2026, 7, 97 21 of 36

structural characteristics of polysaccharides, thereby improving their physicochemical
properties and biological functions.

Evidence from recent review studies further supports the general applicability of
these structure—activity relationships. Through a systematic analysis of the modification
mechanisms of traditional Chinese medicinal polysaccharides, Xue et al. concluded that the
primary effect of chemical modification, including the introduction of carboxyl and acetyl
groups, is to disrupt the rigid intra- and intermolecular hydrogen-bonding networks within
native polysaccharides [107]. Such conformational rearrangements have been demonstrated
to improve the bioavailability of polysaccharides while further enhancing their intrinsic
physicochemical properties and pharmacological activities.

Current evidence suggests that chemical modification relies on the targeted substitu-
tion of specific chemical moieties. It is the introduction of new functional groups that leads
to all the mentioned changes. Specifically, the attachment of these new groups alters the
polarity, disrupts intrinsic hydrogen-bonding networks, and forces rearrangements in the
molecular conformation of polysaccharides. For example, the introduction of negatively
charged sulfate groups generates electrostatic repulsion, which can unwind tightly packed
polysaccharide chains into more extended, flexible conformations [108]. Similarly, the
substitution with acetyl or carboxymethyl groups can significantly alter the lipophilicity
and water solubility of the polymer, thereby improving its affinity for specific cell surface
receptors [109]. Consequently, these chemically induced changes comprehensively enhance
their interactions with biological targets. Several representative examples of chemically
modified MEHPs, along with their specific modification reagents and enhanced biological
applications, are summarized in Table 3. A deeper understanding of the structure-activity
relationships of polysaccharides will facilitate the rational optimization of their physic-
ochemical properties and provide a theoretical basis for the targeted development of
functional carbohydrates (Table 4).

Table 3. Examples of chemically modified MEHPs and mushroom polysaccharides, their preparative
reagents, and functional applications.

Source of Polysaccharide  Type of Modification %e(;;gr}l,:;‘/%\d ethods Enhanced Bioactivities & Applications References
. . . Improved water solubility and significantly
Citrus medica L. var. Sulfation Chlorosulfonic enhanced immunostimulatory activity for [105]
sarcodactylis acid-pyridine method . .
functional food formulations.
‘ ‘ ) Chlorosulfonic Unwound molecular conformation and
Dioscorea opposita Sulfation acid-pyridine method enl'}a.nced. macrqphage 1mmunomodu1atory [65]
activity via specific signaling pathways.
. . Acetic Altered lipophilicity leading to improved
Ganoderma lucidum Acetylation anhydride/Pyridine antioxidant capacity and biological stability. [17]
NaOH and Increased water solubility, enhanced metal
Pholiota nameko Carboxymethylation M&(l)nocﬁﬂ) roacetic acid ion binding, and improved affinity for cell [110]

surface receptors.

Allium sativum

Chemical derivatization Localized conformational rearrangements
Metal complexation with Chromium (IIT) _and.s1gmf1cantly enl}ance.d in vitro and [106]
in vivo hypoglycemic activities.

Table 4. Structural Features, Bioactivities, and Potential Applications of Polysaccharides Derived
from Medicinal and Edible Homologous Plants and Mushrooms.

Main Structural Representative

Source Plant Characteristics Biological Activities Mechanisms of Action Applications References
Acidic s Scavenging free radicals .

Lycium barbarum heteropolysaccharides Antioxidant, and regulating gut Functional foods, health [111]

o L immunomodulatory - > products

rich in uronic acids microbiota

Astragalus Medium-molecular- Immune Activation of macrophages  Functional foods,

membranaceus weight . enhancement and promotion of cytokine  lmmune-support [45]
heteropolysaccharides secretion formulations
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Table 4. Cont.

Main Structural Representative . . o

Source Plant Characteristics Bi (?1 ogical Activities Mechanisms of Action Applications References

- Regulation of

Panax ginseng Branched Antl-fatlgue, immune-related signaling Nutritional supplements  [112]

polysaccharides immunomodulatory
pathways
) . Rich in glucose and Antioxidant, Modulation of intestinal .

Dioscorea opposita galactose residues prebiotic activities microecology Functional foods [111,113]

Dendrobium . Enhancement of phagocytic . .

officinale High mannose content ~ Immunomodulatory cell activity Pharmaceutical adjuvants ~ [114]

. Branched Hypoglycemic Activation of the PI3K/Akt  Adjunctive intervention

Pueraria lobata heteropolysaccharides activity signaling pathway for diabetes (1]
Triple-helix . - Functional foods,

Poria cocos polysaccharide Regtukl)atll.on of lipid Irr}prog{er’[rlent of gutt metabolic syndrome [116]
conformation metabolism microbiota composition intervention

5. Applications of MEHPs in Food and Medicine

MEHPs have attracted considerable attention due to their favorable safety profiles
and diverse biological functions, supporting their potential applications in both food
and pharmaceutical fields. In food systems, these polysaccharides can serve as natural
antioxidants, prebiotic ingredients, and functional components, thereby contributing to the
development of personalized nutrition approaches. In pharmaceutical applications, MEHPs
have been reported to exhibit various biological functions, including immunomodulatory
effects, regulation of intestinal microecology, hypoglycemic activity, and potential antitumor
effects. Moreover, their excellent biocompatibility and structural versatility make these
polysaccharides promising carriers in drug delivery systems. The integration of nutritional
and biological functions provides a theoretical basis for the coordinated development of
functional foods and clinical adjunctive applications (Figure 7). Beyond their biological
functions, MEHPs have attracted increasing interest as multifunctional food ingredients due
to their physicochemical properties, including water-holding capacity, viscosity regulation,
gel-forming ability, and film-forming capability. These properties enable their applications
not only as health-promoting components but also as functional materials for improving
food texture, stability, preservation, and delivery performance.

Functional food additives increase the production of SCFAs Plant Polysaccharides as Health-Promoting Food Additives
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Figure 7. Applications of MEHPs in food and biomedical fields. Arrows indicate biological signaling
pathways and conversion processes. (Created in BioRender. Zheng, J. (2026) https://BioRender.com/

t9argyy).
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5.1. Food Applications
5.1.1. Functional Food Additives

MEHPs are increasingly recognized as valuable natural functional ingredients in
food processing and functional food development. Polysaccharides isolated from Chi-
monobambusa quadrangularis have been reported to exhibit potential prebiotic activity by
promoting the growth of beneficial gut microorganisms and enhancing short-chain fatty
acid (SCFA) production [117]. These findings indicate that bamboo shoot polysaccha-
rides may contribute to intestinal health maintenance as dietary fiber components and
possess potential applications in functional food formulations. Furthermore, extraction
methods were found to significantly influence the prebiotic activity of these polysaccha-
rides, highlighting the importance of processing strategies in determining their functional
properties [118]. Polysaccharides derived from the seeds of Lupinus luteus have also been
isolated and comprehensively characterized. These polysaccharides exhibited notable
antioxidant, immunostimulatory, and prebiotic activities, supporting their potential appli-
cation as nutritional fortifiers or prebiotic ingredients in food products [119]. In addition,
oligosaccharides and polysaccharides derived from Morus spp. have been explored as
natural antioxidant and prebiotic ingredients [120]. In vitro studies demonstrated their
free radical scavenging capacity and ability to promote the proliferation of beneficial gut
microorganisms, providing experimental evidence for their incorporation into functional
foods, particularly prebiotic supplements. Beyond their specific application in such solid
supplements, MEHPs have also been widely explored as versatile additives in complex
liquid matrices, including beverage and dairy systems. In functional beverages, polysac-
charides can improve colloidal stability, regulate viscosity, and provide additional health
benefits through antioxidant and prebiotic functions. Similarly, in dairy products, MEHPs
may act as natural stabilizers and texture modifiers by improving water retention and gel
properties. However, excessive polysaccharide addition may negatively affect sensory
properties, such as viscosity and mouthfeel, highlighting the need for precise formulation
optimization [121].

5.1.2. Development of Functional Foods

Beyond their physicochemical functions in food processing, polysaccharides have been
increasingly utilized in the development of functional foods designed to address specific
health-related needs, including glucose management, weight control, and immune support.
Incorporation of polysaccharides with defined physiological functions into food formu-
lations enables nutritional modulation through regular dietary consumption [122]. This
strategy extends the application of polysaccharides beyond conventional food ingredients
and contributes to the development of health-promoting functional foods.

For populations with glucose and lipid metabolism disorders, including individuals
with diabetes, the development of low-glycemic-index (GI) foods represents a promising
dietary strategy for managing postprandial blood glucose responses [123,124]. Polysac-
charides may contribute to glucose regulation by delaying carbohydrate digestion and
absorption through multiple mechanisms, including increasing intestinal viscosity, in-
hibiting amylase activity, and modulating intestinal microecology [125,126]. In a dietary
intervention study related to diabetes, Xia et al. investigated the effects of polysaccharides
derived from Coix lacryma-jobi [127]. Their findings demonstrated that these polysaccha-
rides promoted short-chain fatty acid (SCFA) production by gut microorganisms. The
enhanced SCFA production was associated with the regulation of metabolic pathways and
accompanied by reductions in blood glucose and blood lipid levels in a mouse model of
type 2 diabetes.
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In addition, nutritional formulations containing bioactive polysaccharides may have
potential applications for populations requiring immune support, particularly those with
increased nutritional needs. He et al. investigated the immunomodulatory effects of
polysaccharides derived from Dendrobium officinale. Their findings demonstrated that these
polysaccharides enhanced phagocytic cell activity and promoted cytokine secretion, includ-
ing tumor necrosis factor-« (TNF-«) and interleukin-1{3 (IL-1p). These immunomodulatory
responses were accompanied by enhanced immune activity in the experimental model.
Such results highlight the potential of D. officinale polysaccharides as functional ingre-
dients in nutritional formulations designed to support immune health, particularly for
populations with increased demands for immune-related nutritional support.

Accumulated evidence indicates that MEHPs have demonstrated diverse applica-
tion potential in the food sector. Incorporating polysaccharides with specific functional
properties into food products may provide opportunities to support the health-related
requirements of different populations through dietary strategies. Beyond conventional
functional foods, MEHPs show potential in emerging food applications, including bakery
products and plant-based meat analogues. In bakery systems, polysaccharides can improve
moisture retention, delay staling, and modify texture through their water-binding and
gel-forming properties. In plant-based meat products, their rheological behavior and water-
holding capacity may contribute to improved firmness, juiciness, and structural stability.
Nevertheless, optimization of polysaccharide—protein interactions remains necessary to
achieve desirable sensory characteristics and industrial-scale performance.

5.2. Pharmaceutical Applications

The increasing prevalence of chronic diseases and cancer has stimulated the explo-
ration of safer and multifunctional bioactive compounds. Owing to their low toxicity and
multifunctional regulatory properties, MEHPs have received increasing attention as poten-
tial candidates for therapeutic and adjunctive applications. Current research has progressed
beyond the characterization of general biological functions and increasingly focuses on
elucidating the molecular signaling pathways underlying their bioactive effects. Moreover,
the applications of polysaccharides have expanded into interdisciplinary fields, particularly
the development of targeted drug delivery materials. Accumulating preclinical evidence
highlights the potential of these polysaccharides for adjunctive disease management and
provides important insights into their future biomedical applications.

5.2.1. Pharmacological Activities in the Adjunctive Management of Chronic Diseases

The biological functions of polysaccharides generally involve the coordinated reg-
ulation of multiple genes and signaling pathways rather than the activation of a single
receptor, enabling systemic modulation of metabolic processes [128]. In the adjunctive man-
agement of metabolic disorders, alleviation of insulin resistance represents an important
target for intervention. Early studies investigating hypoglycemic activity mainly focused
on changes in blood glucose levels, whereas recent research has increasingly elucidated
the molecular mechanisms underlying polysaccharide-mediated metabolic regulation. Luo
et al. evaluated the metabolic regulatory effects of polysaccharides derived from Pueraria
lobata using a db/db diabetic mouse model [129]. Their findings demonstrated that P. lobata
polysaccharides activated the hepatic PI3K/AKT signaling pathway. This activation sub-
sequently downregulated the mRNA expression of phosphoenolpyruvate carboxykinase
(PEPCK) and glucose-6-phosphatase (G6PC), thereby suppressing hepatic gluconeogenesis
at the transcriptional level and alleviating glucose and lipid metabolic disturbances in
diabetic mice. Similarly, Ren et al. reported that mulberry leaf polysaccharides alleviated
oxidative stress and insulin resistance in type 2 diabetic rats by inhibiting protein tyrosine
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phosphatase 1B (PTP1B) expression and activating the PI3K/AKT signaling pathway [130].
Together, these findings highlight that the antidiabetic potential of polysaccharides is closely
associated with the regulation of key metabolic signaling pathways rather than merely
reflected by alterations in glycemic parameters.

Regarding intestinal microecology regulation and antitumor immunomodulation,
polysaccharides may exert adjunctive biological effects by modulating the host microen-
vironment. Ma et al. systematically investigated the mechanisms underlying the gut
microbiota-modulating activity of polysaccharides derived from Lycium barbarum [131].
Their findings demonstrated that supplementation with these polysaccharides increased the
abundance of beneficial gut microorganisms and promoted short-chain fatty acid (SCFA)
production. These microbial metabolites subsequently mediated host metabolic pathways
and immune responses through G-protein-coupled receptors 41 and 43 (GPR41/43) sig-
naling. Regarding antitumor immunity, polysaccharides have been reported to regulate
tumor-associated immune responses through modulation of the immune microenviron-
ment [132]. Shu et al. found that polysaccharides derived from Panax japonicus selectively
regulated the polarization of CD4+ T cells and tumor-associated macrophages (TAMs),
thereby enhancing antitumor immune responses [133]. Together, these mechanistic studies
highlight that polysaccharides exert biological effects through complex signaling networks
involving host metabolism, immune regulation, and microecological interactions. Such
evidence provides important insights into the potential development of polysaccharides as
adjunctive candidates for chronic disease management.

5.2.2. Drug Delivery Materials

In addition to their roles as bioactive components, the interdisciplinary applications
of polysaccharides in biomedical and pharmaceutical fields have gained increasing at-
tention. Many conventional therapeutic agents suffer from poor water solubility, short
biological half-lives, and substantial systemic toxicity, which restrict their bioavailability
and clinical performance [134]. Plant-derived polysaccharides contain abundant polar
functional groups, particularly carboxyl and hydroxyl groups, which contribute to their
excellent biocompatibility and biodegradability [135]. These structural characteristics make
polysaccharides potential materials for the development of drug delivery systems [136].
Polysaccharides can be engineered into diverse delivery platforms, including hydrogels,
nanospheres, and liposomal systems [137]. By incorporating therapeutic molecules into
these carrier matrices, polysaccharide-based systems may facilitate targeted delivery and
controlled release [138,139]. Consequently, drug stability may be improved, while systemic
toxicity and off-target effects may be reduced [140].

Polysaccharide-based nanodelivery systems have emerged as promising platforms
for tumor-targeted applications. Zhang et al. developed stable polysaccharide-selenium
nanoparticle microspheres (SeNPs) using bioactive polysaccharides derived from Tarax-
acum mongolicum as matrix materials [141]. Physicochemical characterization revealed that
the steric stabilization provided by polysaccharide chains effectively reduced selenium
nanoparticle aggregation. More importantly, a zebrafish xenograft model demonstrated that
these polysaccharide-coated nanoparticles improved the bioavailability of active compo-
nents and suppressed tumor angiogenesis and cancer cell migration. In addition, Zhao et al.
reported that similar T. mongolicum polysaccharide-based nanoparticles exhibited notable
antiproliferative activity against several human cancer cell lines, including HepG2, A549,
and HeLa cells, under in vitro conditions [142]. These studies highlight the multifunctional
potential of polysaccharide-based nanocarriers as both drug delivery platforms and bioac-
tive materials, supporting their further exploration for targeted cancer-related applications.
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Polysaccharide-based delivery systems further expand the applications of polysaccha-
rides beyond their roles as bioactive components. Through structural engineering, polysaccha-
rides can be developed into delivery platforms that enhance the performance of conventional
therapeutic molecules. Moreover, their intrinsic immunomodulatory properties may provide
additional biological benefits when combined with loaded agents. This strategy highlights the
value-added applications of polysaccharides as multifunctional biomaterials.

5.3. Synergistic Applications in Food and Medicine

Historically, the food and pharmaceutical industries have developed along relatively
distinct trajectories, with the former focusing primarily on nutritional supply and food
safety, and the latter emphasizing therapeutic development and clinical outcomes. MEHPs
possess both favorable safety profiles and diverse biological functions, providing oppor-
tunities to bridge nutrition-oriented strategies with adjunctive health applications [143].
This multifunctional nature highlights their potential role in promoting the convergence of
functional foods and biomedical approaches [111].

Intestinal microecology represents an important regulatory interface connecting the
integrated applications of plant polysaccharides in nutrition and health [144]. Many plant
polysaccharides are resistant to degradation by endogenous enzymes in the upper gastroin-
testinal tract and therefore reach the colon in a relatively undigested form, where they are
subsequently fermented by specific gut microbial populations. During microbial fermenta-
tion, polysaccharides may function as potential prebiotic substrates that contribute to the
maintenance of gut microbial diversity. The resulting metabolites, particularly short-chain
fatty acids (SCFAs), serve as important signaling molecules involved in host regulation.
Through gut-brain and gut-liver axis pathways, these metabolites may participate in
systemic physiological regulation and influence the function of distant organs.

In vivo evidence further supports the dual nutritional and health-related functions
of orally administered polysaccharides. Codonopsis pilosula is a representative MEH plant,
and Zou et al. systematically evaluated the biological effects of its polysaccharides in
an animal model [145]. Their findings demonstrated that oral administration of these
polysaccharides increased the abundance of beneficial bacteria, including Bifidobacterium
and Lactobacillus. Modulation of the gut microenvironment contributed to the maintenance
of immune homeostasis and reduced gastric tissue injury in experimental gastric ulcer
models by downregulating the expression of pro-inflammatory cytokines. These findings
highlight the complementary roles of polysaccharides in nutritional support and adjunctive
health applications.

In addition, polysaccharides have demonstrated nutritional and metabolic regulatory
potential in the context of metabolic syndrome management. Sun et al. conducted a long-
term in vivo investigation of polysaccharides derived from Poria cocos [146]. Their findings
revealed that oral administration of these polysaccharides modulated gut microbiota
composition and regulated host lipid metabolism. Continuous supplementation with P.
cocos polysaccharides contributed to body weight management and decreased serum total
cholesterol and triglyceride levels in hyperlipidemic mice. These findings indicate that
dietary supplementation with structurally defined polysaccharides may contribute to the
maintenance of physiological homeostasis and support metabolic health under conditions
associated with metabolic dysfunction.

Building on these mechanistic insights, Food for Special Medical Purposes (FSMP)
provides a potential framework for integrating nutritional and biomedical applications.
Considering disease-specific metabolic requirements, such as those associated with diabetic
nephropathy or nutritional challenges during cancer therapy, bioactive polysaccharides
can be selectively obtained and incorporated into specialized formulations. These products
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can fulfill the basic nutritional requirements of individuals under specific physiological
conditions while providing adjunctive nutritional support through the biological functions
of polysaccharides.

The expanding applications of MEHPs across food and pharmaceutical fields reflect
a transition from disease-oriented strategies toward preventive and health-promoting
approaches. Advances in structural characterization and an improved understanding
of SARs provide a foundation for the rational design of targeted polysaccharide-based
functional products with defined physiological functions. This strategy represents a promis-
ing approach for advancing the development of functional foods and health-related ap-
plications. Furthermore, the functional properties of MEHPs enable their applications
beyond direct food formulations. Polysaccharide-based edible films and coatings have
attracted attention as biodegradable packaging materials due to their film-forming ability
and antioxidant properties. When combined with natural pH-sensitive indicators, these
materials may serve as smart packaging systems for monitoring food freshness. In ad-
dition, MEHPs can function as encapsulation matrices for protecting sensitive bioactive
compounds, improving their stability, bioavailability, and controlled release in functional
foods and nutraceutical products.

Although MEHP-derived ingredients have been incorporated into functional foods
and nutraceutical formulations, large-scale commercialization remains limited by raw-
material variability, standardization, regulatory approval, and production cost.

6. Conclusions and Future Perspectives

The preparation of MEHPs has progressed from conventional hot water extraction
toward greener and more integrated extraction strategies, including the combination
of deep eutectic solvents (DES) with physical-assisted techniques such as ultrasound-
and microwave-assisted extraction [92]. These approaches have improved extraction effi-
ciency while helping to preserve the bioactive conformational features of polysaccharides.
Meanwhile, integrated analytical strategies involving chromatographic and spectroscopic
techniques, together with targeted structural modification, have enabled more precise
characterization of polysaccharides within complex macromolecular systems. Advances in
structural elucidation and functional evaluation have further expanded the applications
of MEHPs in functional foods and drug delivery systems. These developments provide
scientific support for the convergence of food and medicine and highlight the translational
potential of polysaccharides in addressing type 2 diabetes and other chronic metabolic
disorders [107].

Although MEHPs have demonstrated diverse biological functions and health-
promoting potential in laboratory and preclinical studies, their translation toward
industrial-scale applications remains constrained by significant technological and practical
challenges. First, the industrial scalability of emerging extraction technologies remains
limited. Green extraction approaches, including EAE, DES, and SWE, have demonstrated
potential for enhancing polysaccharide yield while preserving structural integrity. However,
the high viscosity of DES systems can restrict mass transfer efficiency during large-scale
processing, whereas SWE is associated with high equipment costs and complex process
control requirements. These technological barriers currently limit their widespread indus-
trial implementation [33]. Second, the structural heterogeneity of polysaccharides and the
limitations of current analytical approaches restrict the precise elucidation of their SARs.
Current analytical techniques remain limited in the dynamic characterization of higher-
order conformational features during processing. Finally, the underutilization of plant
resources and insufficient clinical validation remain important challenges for the further
development of polysaccharide-based products. Current industrial production mainly
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relies on conventionally utilized medicinal tissues, whereas the bioactive potential of under-
explored plant materials, including stems and leaves, remains insufficiently investigated.
Such limited resource utilization may contribute to biomass waste and increase production
costs. Moreover, evidence supporting the regulatory effects of polysaccharides on intestinal
microecology and glycemic metabolism is still primarily derived from rodent models,
particularly high-fat diet/streptozotocin (HFD-STZ)-induced models. Physiological and
metabolic differences between animal models and humans restrict the direct extrapolation
of these findings to clinical applications. Furthermore, the lack of large-scale multicenter
clinical trials and multi-omics validation represents a critical limitation for advancing
polysaccharide-based products toward applications such as Food for Special Medical Pur-
poses (FSMP) and other health-oriented formulations [112]. Beyond scientific validation,
regulatory challenges also remain a major barrier for the translation of MEHPs into food in-
gredients and pharmaceutical products. Due to the structural complexity and heterogeneity
of polysaccharides, establishing standardized quality criteria, including molecular weight
distribution, monosaccharide composition, structural fingerprints, and bioactivity-related
markers, remains challenging. In addition, regulatory approval requires comprehensive
evaluation of safety, efficacy, production consistency, and clinical evidence, highlighting
the need for internationally harmonized standards and quality-control systems.

Regarding resource utilization and processing technologies, future research should
place greater emphasis on whole-plant valorization within the framework of circular bioe-
conomy and zero-waste processing. The utilization of underexplored tissues of MEHPs,
including stems, leaves, and agricultural residues, may reduce biomass waste and improve
resource efficiency. Moreover, integrating MEHP production into sustainable biorefinery
systems could enable the simultaneous recovery of multiple valuable components while re-
ducing environmental burdens associated with conventional processing [147]. Meanwhile,
emerging extraction technologies, such as pulsed electric field (PEF)-assisted extraction
and ionic liquid (IL)-based extraction, have demonstrated potential for reducing thermal
degradation and improving extraction selectivity [148]. However, future technology selec-
tion should not rely solely on extraction yield and laboratory performance. Comprehensive
assessments based on carbon footprint analysis, life-cycle assessment (LCA), and techno-
economic analysis (TEA) are needed to evaluate energy consumption, environmental
impacts, resource utilization, and production costs. Such integrated evaluation frameworks
will facilitate the identification of extraction strategies with improved sustainability and
industrial feasibility.

In the fields of structural characterization and targeted modification, computational
approaches may provide new opportunities to overcome current limitations in advanced
structural analysis. Molecular docking and molecular dynamics simulations can facilitate
the prediction of conformational dynamics and molecular interactions of three-dimensional
polysaccharide structures at the molecular level [149]. Based on these computational in-
sights, targeted chemical modifications, including sulfation, phosphorylation, and selenyla-
tion, may be rationally applied to modulate specific biological functions of polysaccharides.
This integrated computational and experimental strategy provides a potential framework
for the rational development of functional polysaccharide-based macromolecular products.
In the future, computational approaches combined with artificial intelligence, multi-omics
analysis, and structural databases may further promote precision nutrition by enabling the
design of polysaccharide-based functional foods tailored to specific physiological require-
ments. To successfully translate these rationally designed concepts into reality, Industry
5.0 concepts, emphasizing intelligent manufacturing, human—machine collaboration, and
adaptive production systems, may provide new opportunities for flexible and sustainable
production of MEHP-based products. Regarding mechanistic validation and application
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expansion, future studies should incorporate more comprehensive validation strategies
beyond conventional animal models. Large-scale multicenter clinical studies combined
with multi-omics approaches, including gut microbiome analysis, metabolomics, and
immunomics, will be essential for establishing stronger evidence regarding the biolog-
ical functions and health-promoting effects of polysaccharides. Furthermore, owing to
their favorable biocompatibility, polysaccharides hold potential for applications in tis-
sue engineering scaffolds [150]. They may also serve as natural prebiotic alternatives in
antibiotic-free animal production systems. These emerging applications may promote
interdisciplinary development by connecting advances in agriculture, biotechnology, and
health-oriented applications.
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