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Seed mucilages are plant-derived polysaccharides obtained from the seeds of crop and medicinal
plant species, including quince (Cydonia oblonga), psyllium (Plantago ovata), flaxseed (Linum
usitatissimum), chia (Salvia hispanica), basil (Ocimum basilicum), and fenugreek (Trigonella
foenum-graecum). Their ability to form hydrogels, respond to pH changes, display tunable
rheological behavior, and undergo chemical modification has attracted growing interest in
biomedical and pharmaceutical research. Despite this growing body of literature, the field remains
fragmented: studies are typically limited to a single mucilage source or a narrow application context,
and comparative analyses grounded in chemical structure are uncommon. This review addresses
that gap by systematically examining six agriculturally accessible seed mucilages within a unified
structure—function—application framework. Key compositional parameters, including backbone
polysaccharide type, uronic acid content, molecular weight, degree of branching, and surface charge
density, are discussed in relation to macroscopic material behaviors such as swelling kinetics,
viscoelasticity, film-forming capacity, and biodegradation. These property profiles are
contextualized against reported application outcomes in controlled drug delivery, tissue engineering
scaffolds, wound dressings, adsorption platforms, and functional films. The review also
consolidates findings on persistent limitations, including batch heterogeneity arising from species
and extraction variability, methodological inconsistencies in characterization, mechanical weakness
of unmodified networks, and incomplete long-term biosafety data, and identifies specific research
directions needed for clinical and industrial translation. Taken together, the available evidence
suggests that seed mucilages are versatile, sustainably sourced biomaterial components derived
from established agricultural and medicinal plant species. By linking crop production, seed
processing, mucilage recovery, biopolymer design, and advanced material applications, this review
highlights their relevance not only for biomedical systems but also for agricultural waste
valorization, value-added product development, food-related materials, and circular bioeconomy
strategies.
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Introduction

Seed mucilages are agriculturally significant plant-
derived polysaccharides obtained primarily from the outer
seed coat or the endosperm, depending on the species, from
widely cultivated crop and medicinal plant species,
including quince (Cydonia oblonga), psyllium (Plantago
ovata), flaxseed (Linum usitatissimum), chia (Salvia
hispanica), basil (Ocimum basilicum), and fenugreek
(Trigonella foenum-graecum). These species are cultivated
across diverse agroclimatic zones worldwide and generate
mucilage as a recoverable co-product of seed processing, a
fraction that is often discarded despite its considerable
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physicochemical value. Positioned at the intersection of
modern biomaterial science and sustainable agriculture,
seed mucilages represent one of the plant kingdom's most
structurally sophisticated functional adaptations (Goksen
et al., 2023).

From an agricultural and food science perspective, this
makes seed mucilages especially relevant because they can
transform low-value or underutilized seed fractions into
functional hydrocolloids, edible or biodegradable films,
encapsulation matrices, and precursors for advanced
biomaterials. Their recovery therefore represents a
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potential bridge between primary agricultural production,
food processing, and high-value material development
(Balakrishnan et al., 2025).

The underlying mechanism, termed myxodiaspory in
the scientific literature, refers to the formation of a
hydrophilic gel layer upon hydration of the seed coat, a
process that constitutes a central element of the plant's
evolutionary survival strategy (Dybka-Stepien et al., 2021;
Kucka et al., 2022; Tosif et al., 2021). Upon contact with
water, mucilage is released either from epidermal mucilage
cells in the seed coat or from endosperm-derived tissues,
depending on the species, and functions ecologically to
retain moisture, enable surface adhesion for dispersal, and
protect the germinating seedling against desiccation (Jafari
et al., 2025; Mazurek-Hotys et al., 2025; Ptaszek et al.,
2025). Within this ecological framework, the mucilage
layer acts as a multifunctional survival system under arid
and climatically variable conditions by creating a water-
retaining microenvironment around the seed, anchoring it
to the substrate against displacement, and modifying
rhizosphere hydraulic properties to facilitate water and
nutrient access. Taken together, these functions
demonstrate that the seed is not merely a passive genetic
vessel but a dynamically environment-modifying material

system (Gupta et al., 2025; Hayat et al., 2021; Kucka et al.,
2022; Yang et al., 2012).

Importantly, these biologically evolved functions
directly translate into material-relevant properties such as
hydrophilicity, gel-forming capacity, and bioadhesion-key
characteristics that underpin the use of polysaccharides as
carrier matrices, scaffold components, and film-forming
agents. Combined with low toxicity, biodegradability, and
the presence of abundant hydroxyl and carboxyl groups
available for chemical modification (Cakmak et al., 2023;
Waghmare et al., 2022), these features position seed
mucilages as renewable and functionally versatile
alternatives to synthetic polymers. In addition, their
recovery from existing agricultural and food-processing
streams, rather than reliance on dedicated chemical
synthesis, strengthens their relevance within sustainable
material development (Fragassa et al., 2024). This
valorization route is consistent with circular bioeconomy
principles, because crop-derived residues or underutilized
fractions can be converted into renewable, plant-based
biopolymers with potential use in food packaging,
encapsulation, environmental adsorption systems, drug
delivery, wound care, and scaffold fabrication, as
summarized in Figure 1.
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Figure 1. Intrinsic material advantages and functional application domains of seed mucilage-based biomaterial
systems. The inner circle summarizes key physicochemical and biological properties - including low cost,
biocompatibility, low toxicity, high hydrophilicity, biodegradability, and chemical functionalization capacity - that
collectively position seed mucilages as viable natural polymer matrices. The outer circle illustrates the principal
biomedical functions enabled by these properties: encapsulation, controlled release, scaffold structural support,
mucoadhesive and bioadhesive function, and smart-responsive behavior. (Created with BioRender.com)
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Not all polysaccharide-based biomaterials are alike,
however, even when they come from broadly similar
sources. Two mucilages extracted from seeds of different
plant species may share the same carbohydrate-dominated
composition, similar extraction yields, and comparable
hydrogel-forming ability, yet perform very differently
when formulated into a pH-responsive oral delivery
system, a soft tissue scaffold, or a nanofibrous wound
dressing. The reason for this divergence lies at the
molecular level: differences in backbone polysaccharide
type, uronic acid content, molecular weight, branching
architecture, and surface charge density interact to produce
material behaviors that are structurally determined, not
arbitrary. Understanding these differences - and their
functional consequences - is the central task this review
undertakes.

Seed mucilages represent the material translation of a
biological process that originates in the field, a continuum
that connects plant evolutionary adaptation to engineered
biomaterial function (Gupta et al., 2025). In this context, as
schematically illustrated in Figure 2, the relationship
between molecular structure and chemical backbone,
network formation and modification strategies, and the
resulting macroscopic behaviors ultimately governs the
functional performance of mucilage-based biomaterials.
Therefore, the selection and processing of mucilages with
distinct structural characteristics through application-
specific functional modifications is not only a matter of
optimization; it is likely to be important for achieving the
intended material function.

The literature, however, has largely developed in a
fragmented way. Studies on quince, psyllium, flaxseed,
chia, basil, and fenugreek mucilages have proceeded
mostly in parallel, each focused on a single source and a
narrow application context. As a result, there is no
established framework linking the structural differences
among these mucilages to their distinct physicochemical
behaviors and application-domain strengths. A researcher
selecting a mucilage for a specific formulation must
currently rely on scattered, non-comparable reports rather
than on any integrative comparative analysis. An

additional gap is that many studies discuss mucilage
functionality without sufficiently situating the material
within the agricultural value chain from crop cultivation
and seed processing to extraction, purification,
formulation, and end-use applications. Addressing this gap
is essential because the practical significance of seed
mucilages depends not only on their biomedical
performance but also on feedstock availability, processing
compatibility, by-product valorization, scalability, and the
potential to generate higher-value products from
agricultural resources. This has practical implications:
selection of a mucilage whose structural and
physicochemical profile is poorly matched to a target
application may substantially reduce formulation
performance, and in some cases may limit the feasibility of
the intended material design.

This review addresses that gap by systematically
examining six seed mucilages-quince (QSM), psyllium
(PSM), flaxseed (FSM), chia (CSM), basil (BSM), and
fenugreek (FGM)-within a unified structure—function—
application framework. This review first establishes the
primary structural variables that differentiate the six
systems. It then examines each mucilage individually, with
cross-references that situate each material’s properties
relative to the others rather than describing them in
isolation. Subsequently, it consolidates the comparison
across application domains and provides a structure-guided
selection framework. In doing so, the review also considers
how seed mucilages can contribute to the agricultural and
food sectors by creating value from crop-derived
resources, supporting sustainable biopolymer
development, and connecting agricultural production
systems with advanced functional materials. Finally, it
identifies the methodological and translational barriers that
currently limit clinical and industrial adoption, and
proposes specific research directions to address them.
Throughout, the organizing logic remains consistent:
structural differences among seed mucilages are not
incidental variation to be catalogued, but the mechanistic
basis of application-specific functional advantage.

/|  Rahaviare
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Figure 2. Hierarchical framework for the development of seed mucilage-based biomaterials. The pyramid illustrates
a bottom-up design continuum: from the fundamental chemical backbone and molecular architecture, through network
modification strategies, to macroscopic material behaviors and specialized biomedical applications including wound
healing, drug delivery, and tissue engineering. (Created with BioRender.com)
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Chemical Composition and Structural Determinants of
Material Behavior

The physicochemical behavior of a polysaccharide-
based biomaterial is governed at the molecular level by a
small number of primary structural variables. For seed
mucilages, these are: backbone polysaccharide type and
monomer connectivity; uronic acid content; molecular
weight and polydispersity; degree of chain branching; and
surface charge density. These parameters do not act
independently, they interact to produce the composite
material behavior observed in hydrogel, film, and scaffold
contexts. Accordingly, the qualitative classifications used
in this review, such as low, moderate, high, preferred, or
promising, are interpreted as relative descriptors based on
the available literature for each mucilage, including
reported physicochemical properties, extraction yield,
molecular architecture, rheological behavior, gel-forming
capacity, functional group availability, biocompatibility
data, processing compatibility, and application-specific
experimental evidence. These classifications should
therefore be understood as evidence-guided comparisons
rather than absolute rankings.

Backbone Architecture and Monomer Composition

The six mucilages span four distinct polysaccharide
backbone chemistries. QSM is built on a (1—4)-linked
glucuronoxylan framework; PSM on a heavily branched
arabinoxylan scaffold; FSM on a dual-fraction architecture
comprising a rhamnogalacturonan-I (RG-I) acidic fraction
and neutral arabinoxylan/arabinogalactan components;
CSM on a highly branched glucuronoxylan or glucoxylan
heteropolysaccharide; BSM on coexisting glucomannan
and heteroxylan fractions; and FGM on a -(1—4)-mannan
backbone substituted with galactose side chains at a
Gal:Man ratio below 1:1. (Amjad et al., 2025; Hussain et
al., 2022; Jafari et al., 2025; Mazurek-Holys et al., 2025;
Ptaszek et al., 2025). These architectural differences are
consequential. A xylan-based, semi-rigid backbone
supports dense network formation and high viscosity,
whereas a flexible galactomannan structure promotes chain
mobility and high-water uptake. FSM's dual-fraction
composition introduces a degree of compositional
complexity, and associated functional range, that is
unavailable in single-backbone systems.

Uronic Acid Content and pH-Responsive Swelling

Uronic acid residues, principally glucuronic and
galacturonic acids, are the structural basis of pH-
responsive behavior in mucilage hydrogels. Protonation of
carboxylate groups under acidic conditions reduces
interchain electrostatic repulsion and restricts network
expansion, while deprotonation at neutral and alkaline pH
values drives chain extension and swelling
(Balavigneswaran et al., 2025). Among the six mucilages,
QSM, BSM, and the RG-I fraction of FSM exhibit
pronounced pH-dependent swelling owing to their
relatively high uronic acid content. FGM shows moderate
but functionally well-documented pH responsiveness
through its negative surface charge. PSM, with
comparatively fewer uronic acid units, derives its swelling
behavior predominantly from physical entanglement rather

than charge-repulsion mechanisms, a distinction with
direct consequences for its application profile.

Molecular Weight and Rheological Performance

Molecular weight governs interchain entanglement
density, which in turn determines solution viscosity, gel
mechanical strength, and diffusional resistance to solute
transport. PSM occupies the highest Mw range among the
six mucilages (2,190-3,320 kDa), and this range is itself
extraction-temperature dependent, introducing batch-to-
batch variability that has direct consequences for material
reproducibility (Ptaszek et al., 2025). FSM is distinguished
by an additional structural contributor absent in the other
mucilages: an approximately 11.5% protein fraction that
reinforces the polymer network through non-covalent
interactions and contributes to film mechanical
performance (Mazurek-Holys et al., 2025). For moderate-
Mw mucilages (QSM, CSM, BSM, FGM), network
mechanical properties are primarily determined by
crosslinking density and branching rather than by
entanglement alone.

Surface Charge Density and Ionic Interactions

Zeta potential measurements provide a practical index
of surface charge character, though values must be
interpreted in the context of the pH and ionic strength at
which they are measured, a point of methodological
inconsistency in the current literature. FSM exhibits the
most strongly anionic profile among the six mucilages,
with reported values reaching —40.6 mV at pH 7 (Mazurek-
Hotys et al., 2025); CSM follows at approximately —30 mV
(Ain et al., 2025). QSM, BSM, and FGM carry
intermediate negative charges, while PSM is only mildly
anionic. These charge differences translate directly into
application-oriented behaviors: the high anionic character
of FSM and CSM supports polyelectrolyte complex
formation and ionic crosslinking with divalent cations
(Ca?*, Zn?"), while the pH-dynamic surface charge of QSM
and BSM underpins their on-demand swelling
responsiveness.

Branching and Functional Group Availability

Chain branching enhances water-binding capacity and
network elasticity, reducing the tendency for ordered chain
association that can lead to phase separation or gel
syneresis. PSM's extensively branched arabinoxylan
structure accounts for its pronounced water retention and
shear-thinning rheology. All six mucilages provide
abundant hydroxyl (~OH) and carboxyl (—-COOH) groups
as reaction sites for chemical derivatization,
carboxymethylation, graft copolymerization, crosslinking,
and nanocomposite formation, allowing their material
properties to be substantially modified relative to native
form (Khodadadi Yazdi et al., 2024; Zhang et al., 2024). In
FSM, the —NH assignment is mainly associated with the
reported protein fraction of flaxseed mucilage. In CSM, the
C-N signal is attributed to minor nitrogen-containing
components detected in spectroscopic characterization
(Sanpedro-Diaz et al., 2026; Troshchynska et al., 2026).
Table 1 provides a consolidated summary of how these
variables are distributed across the six mucilages reviewed
here.
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Qualitative descriptors such as low, moderate, high,
anionic, mildly anionic, and negative are used
comparatively within the six mucilages reviewed here and
are based on reported compositional, spectroscopic,
molecular weight, uronic acid, zeta potential, and

functional group data. Because extraction method, cultivar,
pH, ionic strength, and analytical conditions vary among
studies, these categories should not be interpreted as fixed
universal values.

Table 1. Summary of primary compositional and structural parameters for the six seed mucilages reviewed.

Parameter QSM PSM FSM CSM BSM FGM
. I+ i
Arabinoxylan RGI Highly branched Glucomannan +
Backbone  |Glucuronoxylan neutral glucuronoxylan or Galactomannan
(branched) . heteroxylan
fractions glucoxylan
Molecular . 2,190-3,320 Moderate—
weight Moderate—high KDa* high Moderate Moderate Moderate
Uronic acid High Low—moderate High (.RG_I Moderate—high High Moderate
content fraction)
(Zpe;la%otentlal Anionic Mildly anionic  —40.6 mV ~=30 mV Anionic Negative
Protein Low Low ~11.5% Minor Minor Minor
content
dBerg?:ehmg Moderate Very high Moderate Moderate Moderate Moderate
feional | COM OH o cgon coon OH . OH.
—COOH —COOH ’ ’ —COOH —COOH
groups —NH C-N
*Mw of PSM is highly sensitive to extraction temperature (Ptaszek et al., 2025; Sanpedro-Diaz et al., 2026; Troshchynska et al., 2026).
Individual Mucilage Profiles comparative landscape defined by the structural

The following subsections examine each mucilage in
terms of its crop-based source, recovery route,
characteristic physicochemical behavior, documented
modification strategies, and performance in biomaterial,
food-related, environmental, and biomedical application
contexts. The principal chemical strategies through which
native seed mucilage networks are engineered into
functional  biomaterial  systems  include  graft
copolymerization, chemical crosslinking, nanofiller
reinforcement, metal oxide and magnetic nanoparticle
integration, and chemical derivatization, as schematically
presented in Figure 3. These approaches recur across the
six profiles discussed below and collectively represent the
toolkit through which the structural limitations of
unmodified networks are addressed. Each subsection is
written with explicit reference to the other materials in the
series: the goal is not to present six independent profiles
but to establish, for each mucilage, where it fits within the

differences described in previous parts.

Quince Seed Mucilage (QSM): High Swelling
Capacity and Established Scaffold Performance

Quince (Cydonia oblonga) is a temperate-climate fruit
crop cultivated across Central Asia, the Mediterranean
Basin, and Tiirkiye, one of the world's leading producers.
Within the fruit-processing value chain, quince seeds are
generally regarded as a secondary agricultural fraction;
consequently, the mucilage extracted from these seeds
represents a recoverable co-product with significant
potential for value-added utilization (Yousuf &
S. Maktedar, 2023). Quince seed mucilage (QSM),
obtained at an extraction yield of approximately 9.3%, is
distinguished within this series by two key characteristics
that define its application profile: an exceptionally high
equilibrium swelling capacity and a comparatively well-
established evidence base for tissue engineering, including
in vivo validation..
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Figure 3. Schematic representation of key modification strategies applied to seed mucilage-based hydrogels, including
graft copolymerization, chemical crosslinking, nanofiller reinforcement, metal oxide and magnetic nanoparticle
integration, and chemical derivatization. These approaches transform the native mucilage network into hydrogels with
enhanced mechanical strength, stimuli-responsiveness, controlled release capability, and added functionalities such as
magnetic responsiveness and increased chemical reactivity. (Created with BioRender.com)
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Its  glucuronoxylan  backbone,  (1—4)-linked
xylopyranose units bearing glucuronic acid side chains,
produces the most strongly pH-responsive swelling among
the xylan-based mucilages in this group. Under gastric
conditions (pH 1.2), protonation of carboxylate groups
restricts network expansion; at intestinal pH (6.8-7.4),
deprotonation drives swelling to approximately 13,900%
(w/w) of dry weight, among the highest values reported for
any plant-derived polysaccharide hydrogel (Yilmaz et al.,
2021).

For comparison, BSM and FGM exhibit similarly gated
pH-responsive behavior but at lower absolute swelling
magnitudes, while PSM's moderate swelling is governed
by entanglement rather than charge repulsion. QSM's
swelling behavior is therefore not merely quantitatively
different from the others; it reflects a qualitatively distinct
balance between anionic density and network rigidity.

In addition to its superior physicochemical properties,
QSM has emerged as a promising natural biomaterial for
tissue engineering owing to its high water-holding
capacity, hydrogel-forming ability, biocompatibility, and
favorable rheological properties. These characteristics
enable the fabrication of hydrogels, three-dimensional
scaffolds, nanofibrous matrices, and wound dressings that
provide a favorable microenvironment for cell adhesion,
proliferation, and tissue regeneration. Recent studies have
shown that QSM-based hydrogels, hydrofiber wound
dressings, electrospun nanofibers, hybrid scaffolds, and
injectable hydrogels support keratinocyte, fibroblast, and
mesenchymal stem cell growth while promoting
osteogenic differentiation and three-dimensional cell
culture. These findings highlight the versatility of QSM as
a sustainable biomaterial for skin regeneration, bone tissue
engineering, and regenerative medicine (Cakmak et al.,
2023; Culha et al., 2023; Erginer, 2025; Fatima et al., 2024;
Yousuf & S. Maktedar, 2023).

Besides its applications in tissue engineering, QSM has
also been extensively investigated as a pH-responsive
biomaterial for drug delivery. Its pH-dynamic profile has
been exploited in graft copolymer systems with acrylic acid
for metoprolol (Sarfraz et al, 2023), QSM—CaCOs
composites for metformin with in vivo antidiabetic data
(Nawaz et al., 2025), and QSM-co-poly(methacrylate)
hydrogels for capecitabine (Yasmin et al., 2024).

Among the reported tissue engineering applications,
QSM-nHAp composite bioscaffolds have demonstrated in
vitro osteogenic differentiation of human adipose-derived
mesenchymal stem cells (Cetin Genc et al., 2022), and a
subsequent rabbit mandibular defect model confirmed
bone and dental regenerative capacity in vivo (Cetin Genc
et al., 2025), representing one of the few seed mucilage-
based systems validated under both in vitro and in vivo
conditions.  Boron- and  silica-enriched = QSM
nanocomposites have been characterized as coatings for
spheroid-based 3D cell culture platforms (Yilmaz et al.,
2023). QSM’s shear-thinning rheology and post-deposition
shape retention have been noted as compatible with
extrusion-based bioprinting, though a systematic
printability characterization remains to be reported (Jafari
et al., 2025). In film applications, QSM-based materials
demonstrate low water vapor permeability (Codina et al.,
2024).

Psyllium Seed Mucilage (PSM): Entanglement-
Dominated Behavior and Diffusion Control

Psyllium (Plantago ovata) is an annual herbaceous
crop cultivated predominantly in India, which accounts for
the majority of global commercial production, as well as in
Pakistan and parts of the Mediterranean region. The
mucilage is derived from the seed husk, a fraction
separated during industrial processing of psyllium for
dietary fiber markets, making PSM one of the most
commercially accessible seed mucilages in this series
(Strkalj et al., 2025).

Among the six mucilages, PSM (mucilage from
psyllium seed husk) occupies a unique structural position:
its functional identity is governed primarily by physical
network architecture, specifically, by very high molecular
weight (2,190-3,320 kDa) and extensive arabinoxylan
chain branching, rather than by electrostatic mechanisms.
This distinction has direct practical consequences. Where
QSM, BSM, and FGM rely on uronic acid deprotonation to
drive swelling and release, PSM's network behavior is
relatively insensitive to pH and ionic strength changes.
What PSM loses in stimuli-responsiveness it gains in
environmental stability: gel viscosity and diffusion-barrier
properties remain consistent across a range of conditions,
making PSM an appropriate candidate when the goal is
time-controlled, predictable release rather than site-
specific triggering. An important caveat is that PSM's
molecular weight, and therefore its gel properties, is
significantly sensitive to extraction temperature, with Mw
spanning more than 1,000 kDa across typical processing
ranges (Ptaszek et al., 2025); this batch variability requires
careful process control that is not always addressed in the
published literature.

METAC-crosslinked PSM hydrogels demonstrate
diffusion-controlled cefuroxime release that is predictable
across physiological pH values (Singh et al., 2022). SEM
analysis reveals a channeled, porous internal
microstructure that supports sustained solute diffusion
from the polymer matrix (Irfan et al, 2021), a
microstructural geometry distinct from QSM's more open
scaffold architecture or FSM's sponge-like cryogel
morphology. PSM produces edible films with antioxidant
activity (Halasz et al., 2022), and its water-holding
properties have been applied in agricultural soil moisture
retention (Beigi et al., 2020). PSM-PVA composite films
have been evaluated as eco-friendly packaging (Fakhrara
et al., 2025). In tissue engineering, PSM has been explored
in hydrocolloid scaffold formats (Singh Kaith et al., 2022;
Yildirim-Semerci et al., 2024), though the evidence base is
notably less developed than for QSM or FSM. These
examples are particularly relevant to agricultural and food
sciences because they show that PSM is not limited to
pharmaceutical use; rather, it can also function as a food-
grade hydrocolloid, biodegradable packaging component,
and water-retentive material with potential relevance to
crop and soil management (Beer-Lech et al., 2022; Karim
et al., 2023).

Flaxseed  Mucilage (FSM): Compositional
Complexity and Soft Tissue Scaffold Potential

Flaxseed (Linum usitatissimum) is an oilseed crop with
broad global cultivation, grown primarily for linseed oil
and fiber in Europe, Canada, and Central Asia.
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The mucilage represents a recoverable fraction from
the outer seed coat that is typically lost during oil extraction
processing; its recovery therefore constitutes a direct
agricultural waste valorization opportunity with no
requirement for dedicated cultivation (Lorenc et al., 2022).

This aspect gives FSM particular significance within a
circular bioeconomy framework, because the same oilseed
crop can provide nutritional, industrial, and biopolymer
fractions. In this context, mucilage recovery could increase
the economic value of flaxseed processing chains while
reducing the loss of polysaccharide-rich fractions during
conventional oilseed processing (Dzuvor et al., 2018;
Lorenc et al., 2024).

FSM is the structurally most complex of the six
systems. Where the other mucilages are essentially
polysaccharide  matrices with minor secondary
components, FSM is a multicomponent system: a strongly
anionic RG-I pectic fraction coexists with neutral
arabinoxylan and arabinogalactan polysaccharides, and an
approximately 11.5% protein component contributes to
network reinforcement through non-covalent interactions
(Mazurek-Holys et al., 2025). The practical consequences
of this complexity are visible across multiple property
dimensions. FSM's zeta potential reaches —40.6 mV at pH
7, the most strongly anionic surface in this series,
exceeding CSM's approximately —30 mV and substantially
exceeding QSM and BSM. This charge density directly
enables  polyelectrolyte  complexation and ionic
crosslinking behaviors that are less accessible in the other
mucilages. The protein fraction provides an additional
differentiation: it contributes bioadhesive potential and
network mechanical reinforcement that are structurally
unavailable in purely polysaccharide systems, a distinction
that becomes particularly relevant in soft tissue
engineering contexts.

FSM produces films with high tensile strength and
elongation at break, with composite formulations
incorporating chitosan and poly(acrylic acid) showing
further enhanced mechanical and barrier performance
(Corona-Rivera et al., 2024; Tewelde Hailu et al., 2024).
The most distinctive biomedical application of FSM is in
cryogel scaffold fabrication: FSM cryogels develop a
sponge-like, highly porous microstructure that supports
HDFa fibroblast adhesion and proliferation, positioning
FSM as a promising soft tissue scaffold candidate among
the mucilages reviewed (Demir, 2024). A complementary
study reported favorable results for FSM-collagen
biocomposites as regenerative scaffolds (Kumari et al.,
2023). In drug delivery, carboxymethylated FSM
combined with thermosensitive polymers enables
nanocomposite carriers with temperature-responsive
erlotinib release (Abbasi et al., 2024), a dual-stimulus
capability that is not readily accessible with simpler,
single-fraction mucilages. Magnetic FSM-silk fibroin
nanobiocomposites have been explored for hyperthermia
applications (Radinekiyan et al., 2023).

Chia Seed Mucilage (CSM): Adsorption Performance
and Electrospinning Compatibility

Chia (Salvia hispanica) is an herbaceous plant native to
Central America that has been adopted as a commercial
crop across South America, Australia, and parts of
Southern Europe due to growing demand for functional

food ingredients. The mucilage, released upon hydration of
the intact seed, is a co-product of chia processing that can
be recovered without destruction of the seed's nutritional
fractions (Zare et al., 2024).

This non-destructive recovery route is important for
food-sector integration because chia seeds are already
marketed as functional food ingredients. Mucilage
extraction could therefore be designed as an added-value
processing step, provided that extraction conditions
preserve the nutritional and commercial value of the
remaining seed fractions (Garcia E Silva et al., 2022;
Matondo & Abihudi, 2026).

CSM is differentiated from the other mucilages in this
series by two functional properties that, in combination,
define its primary application niche: high adsorption
capacity for ionic species and processability in
electrospinning. With a zeta potential of approximately
—30 mV, second only to FSM’s —40.6 mV, and a dense
carboxylate group distribution (Ain et al., 2025), CSM
exhibits one of the stronger anionic surface profiles among
the six mucilages reviewed. This charge-bearing
architecture distinguishes CSM from PSM, whose lower
charge density limits comparable ionic interactions, and
from BSM and FGM, which display more moderate charge
profiles. In the context of this review, CSM’s adsorption
behavior is therefore interpreted as a physicochemical
basis for ion-mediated formulation strategies, particularly
electrostatic complexation, ion-exchange-driven
controlled release, and the stabilization of electrospun
polymeric matrices.

CSM's electrospinning compatibility in PVA blends is
the most consistently documented among the six mucilages
reviewed, a processing capability that reflects CSM's
viscoelastic profile and moderate solution viscosity. CSM—
PV A nanofibrous mats loaded with Hypericum perforatum
extract have been characterized as wound dressing
candidates (Celikozlii, 2025); the nanofibrous architecture
provides high surface area that substantially enhances drug
loading and controlled release compared with cast film or
hydrogel formats achievable with other mucilages. CSM
incorporated into gelatin-based composite films increases
tensile strength and reduces water vapor permeability
(Khodaman et al., 2022). Layered double hydroxide-CSM
composites have been evaluated for antimicrobial dental
applications (Mahgoub et al., 2025), and CSM-based
antimicrobial hydrogel scaffolds for wound healing have
been characterized with in vivo data (Mahajan et al., 2024).
CSM hydrogels exhibit approximately 15% biodegradation
over 15 days under studied conditions, a predictable,
moderate degradation profile (Ain et al., 2025).

Basil Seed Mucilage (BSM): Sharp pH-Gating and
High Extraction Yield

Basil (Ocimum basilicum) is cultivated globally as a
culinary, medicinal, and aromatic herb, with significant
production centers in the Mediterranean region, India, and
Southeast Asia. Its seed mucilage, extractable at yields up
to 20.49% under optimized conditions, is the highest-
yielding material in this series and can be obtained from
seeds that are already commercially available as a food
ingredient, substantially reducing raw material sourcing
complexity (Azizah et al., 2023). From an industrial
utilization perspective, this high extraction yield and
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established food-ingredient status make BSM especially
relevant for value-added product development in edible
films, active packaging, encapsulation, and pH-responsive
delivery systems (Nazir & Wani, 2021; Sahracian et al.,
2025).

BSM (basil seed mucilage) is distinguished from the
other pH-responsive mucilages in this series, QSM, FGM,
and to a lesser extent FSM, by the sharpness of its swelling
response rather than its magnitude. Whereas QSM
achieves higher absolute swelling values and FGM
provides a more gradual, sustained response, BSM exhibits
the most threshold-like pH transition: swelling at gastric
pH (1.2) is essentially negligible, while swelling at
intestinal pH (7.4) increases dramatically (Amjad et al.,
2025; Srikhao et al., 2022). This on-off character makes
BSM well suited to oral delivery formulations where
binary gastric/intestinal switching is more important than
fine-grained release control. A practical advantage that
distinguishes BSM from other mucilages in this context is
its extraction yield, reported up to 20.49% in optimized
protocols (Nazir & Wani, 2022), which is substantially
higher than QSM's approximately 9.3% and may offer
advantages for scalability in enteric delivery system
development among the six mucilages reviewed.

Graft copolymerization with acrylic and methacrylic
acid produces pH-responsive BSM hydrogels for
vildagliptin delivery, with compact networks under acidic
conditions and pronounced network expansion at
physiological pH (Amjad et al., 2025). Graphene oxide
incorporation significantly enhances mechanical strength
while preserving controlled water absorption behavior
(Olad et al., 2023), a reinforcement strategy that addresses
the mechanical weakness common to native mucilages
without compromising stimuli-responsiveness. Multi-
responsive BSM-alginate—-magnetic particle hydrogel
beads have demonstrated pH, temperature, and magnetic
field sensitivity (Srikhao et al., 2022). In wound care,
BSM-ZnO nanocomposite films provide antibacterial
activity  with  acceptable  mechanical properties
(Tantiwatcharothai & Prachayawarakorn, 2019). BSM
films show moderate tensile strength and water vapor
transmission rates usable for food packaging (Foghara et
al., 2020). The glucomannan backbone component's chain
flexibility supports mechanically adaptive hydrogel
formation.

Fenugreek Seed Mucilage (FGM): Graduated pH
Response and the Strongest Oral Delivery Evidence Base

Fenugreek (7Trigonella foenum-graecum) is a
multipurpose leguminous crop cultivated extensively
across South Asia, the Middle East, and North Africa for
use as a spice, fodder, and medicinal plant. The seed
mucilage is extractable from the endosperm fraction of
commercially processed fenugreek, making it recoverable
within existing spice and herbal extract supply chains
without dedicated agricultural infrastructure (Ahmad et al.,
2016). This positions FGM within an existing spice,
fodder, and herbal-product value chain, where mucilage
recovery could create additional value from seed fractions
already handled by food and agricultural processors. Its
galactomannan-rich structure also makes it relevant to food
hydrocolloid, encapsulation, and biodegradable material

applications beyond pharmaceutical delivery (Alu’datt et
al., 2024).

FGM (fenugreek seed mucilage) and BSM share the
same functional territory, pH-triggered intestinal delivery,
but arrive there through different structural routes and
deliver qualitatively different release kinetics. BSM's on-
off swelling profile is driven by its high uronic acid content
acting on a mixed glucomannan—heteroxylan backbone.
FGM's more gradual, sustained pH response reflects its
canonical galactomannan architecture: a 3-(1—4)-mannan
backbone with galactose side chains at a Gal:Man ratio
below 1:1 confers high chain flexibility and a swelling
profile that rises progressively rather than abruptly with
increasing pH (Hussain et al., 2022; lurian et al., 2017).
The practical implication is that FGM is better suited to
formulations requiring controlled, sustained intestinal
release, particularly for therapeutics where an abrupt
release event is undesirable, while BSM is preferred where
rapid activation at a specific gastrointestinal location is the
objective. TGA/DSC characterization of FGM indicates
acceptable thermal stability with a multi-step degradation
profile, relevant for processing under varied conditions
(Hussain et al., 2022).

Among the six mucilages, FGM has the most extensive
in vivo oral drug delivery evidence base. FGM-—
polymethacrylate grafted hydrogels have been reported to
significantly enhance oral methotrexate bioavailability by
providing gastric protection and controlled intestinal
release, with supporting pharmacokinetic data from animal
studies (Hussain et al., 2022). FGM hydrogels have
similarly functioned as protective matrices for insulin,
enabling controlled intestinal release (Shabir et al., 2024).
Biocompatibility has been confirmed through multiple
acute toxicity studies (Bal & Swain, 2020; Urooj et al.,
2025). Microwave-assisted polyacrylamide-grafted FGM—
PVA composites have been characterized for both tissue
scaffold and drug delivery device functions (Bal & Swain,
2020). FGM's crosslinking compatibility allows gel
stiffness to be enhanced where structural integrity over
extended-release periods is required, and its porous
hydrogel microstructure supports diffusion-controlled
solute transport. In the context of selecting between FGM
and BSM for an enteric application, the decision should
therefore rest on the desired release kinetics, graduated
versus threshold, rather than on any difference in
fundamental biocompatibility or chemical modification
potential, which are broadly comparable between the two.

Comparative Analysis: Structure, Properties, And
Application Performance

Having characterized each mucilage individually, this
section synthesizes findings across all six materials along
three dimensions: chemical structure-based differentiation,
physicochemical property comparison, and application
performance. The goal is to establish the cross-material
relationships that individual studies cannot provide and to
identify the structural rationale underlying the application-
domain strengths of each mucilage. The comparative
assessments in this section are qualitative and evidence-
guided. They are based on the balance of reported
physicochemical properties, extraction-related data,
rheological behavior, functional groups, biocompatibility
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findings, gel or film formation, processing compatibility,
and the maturity of application-specific literature. Because
the available studies differ in experimental design and
characterization methods, these comparisons should be
interpreted as a practical selection aid rather than as
definitive performance rankings.

Structure-Based Differentiation

Based on the available literature, the six mucilages may
be provisionally grouped into three functional categories
according to the dominant mechanism reported to govern
their hydrogel behavior. The first group, QSM, BSM, and
FGM, is characterized by significant uronic acid content
and pronounced pH-dynamic swelling. Within this group,
QSM and BSM exhibit relatively sharp threshold-type
responses, while FGM provides a more gradual, sustained
swelling profile; all three are accordingly well suited to
gastrointestinal site-specific applications. The second
group, FSM and CSM, is distinguished by high surface
charge density and, in FSM's case, a bimodal composition
that combines anionic and neutral polysaccharide fractions
with a protein component. These materials are predisposed
toward ionic complexation, adsorption, and surface-
interactive applications. PSM constitutes a third functional
category in which physical network dominance, driven by
very high Mw and extensive branching rather than ionic
mechanisms, is the primary determinant of behavior. This
gives PSM a rheological and diffusion-control profile that
is largely independent of pH and ionic environment, which
may be advantageous in applications requiring stable,
predictable performance across variable solution
conditions. Secondary compositional differences further
differentiate specific mucilages. FSM's protein fraction
introduces  bioadhesive  potential and  network
reinforcement that are not available in purely
polysaccharide systems. CSM's viscoelastic profile is
consistently compatible with electrospinning in blended
formulations, a processing advantage not yet reported for
other mucilages in the series. These secondary features are
practically significant: FSM's protein content defines it as
the preferred soft tissue scaffold candidate in the group,
while CSM's electrospinnability opens the specific niche of
high-surface-area nanofibrous matrices.

Physicochemical Property Comparison

Swelling capacity varies substantially: QSM achieves
the highest reported equilibrium swelling (~13,900%),
followed by BSM and FGM with large pH-gated
responses, then PSM and CSM with moderate, more
controlled profiles, and finally FSM, which prioritizes
mechanical network stability over volumetric expansion.
Most reports indicate shear-thinning flow behavior across
the mucilages reviewed, which may provide a processing
advantage for injection, casting, and fiber spinning,
although direct comparisons under standardized
rheological conditions remain limited, but the origin of
shear-thinning differs: entanglement-dominated in PSM,
charge-repulsion mediated in QSM and FSM, and chain-
flexibility-dominated in FGM. This mechanistic
distinction has potential consequences for gel recovery

after shearing, relevant to
formulations.

Film-forming performance is largely governed by
molecular weight, polysaccharide architecture, and
intermolecular interactions. BSM exhibits excellent film-
forming ability, producing transparent and flexible films
with favorable mechanical integrity and barrier properties,
while FSM is distinguished by its superior rheological
behavior and water-holding capacity, making it
particularly suitable for mucoadhesive and controlled-
release composite films. QSM and PSM also possess good
film-forming potential; however, their mechanical
strength, thermal stability, and barrier performance are
substantially enhanced through blending with polymers or
reinforcement with nanofillers. Likewise, the high
viscosity and polymer compatibility of FGM facilitate the
formation of smooth and homogeneous biofilms,
particularly in combination with other biopolymers. These
differences in film-forming behavior directly influence the
mechanical performance, permeability, and functional
suitability of seed mucilage-based films for biomedical and
packaging applications (Fakhrara et al., 2025; Kandekar et
al., 2024; Lindi et al., 2024; Nouri, 2025; Sahraeian et al.,
2025; Shekarabi et al., 2014).

injectable  hydrogel

Application Performance Summary

Table 2 summarizes the comparative application
performance of the six mucilages across five functional
domains. The performance assessments are based on
published experimental evidence; where evidence is
limited, this is noted.

Developing a rational selection framework for seed
mucilage-based biomaterials requires that application
requirements be mapped onto defined structural criteria
rather than empirical trial, a correspondence that is only
tractable when performance differences across materials
are attributable to specific compositional variables. The
evidence consolidated in Table 2 establishes that
foundation; Table 3 builds on it by providing a structure-
guided framework that links target application
requirements directly to the structural features that
determine suitability and identifies the mucilage or
mucilages best positioned to meet them.

This framework is intended as a practical, evidence-
guided selection aid rather than a definitive ranking.
Candidate suitability is inferred from reported structural
features, physicochemical behavior, processability,
biocompatibility, and application-specific performance.
Research

Challenges, and Future

Directions

Limitations,

The evidence reviewed above consistently points to
seed mucilages as functional, versatile biomaterial
components with credible application-specific advantages.
At the same time, four interconnected limitations currently
constrain their broader adoption in clinical and industrial
settings. These are not minor technical issues; they
represent substantive barriers that require directed research
investment to resolve.
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Table 2. Comparative application performance of the six seed mucilages based on published evidence. Ratings reflect
relative performance and evidence strength rather than absolute rankings; 'Limited’ indicates few reports

Application QSM PSM FSM CSM BSM FGM
Domain
Drug pH-responsive; Diffusion- Thermoresponsive  Adsorption-driven; pH-gated pH-gated
delivery GI site- controlled; nanocomposites; ionic exchange enteric; sharp enteric; gradual
specific; time- IPN-based carriers  release (Khatoon et threshold sustained
diffusion- dependent; (Haseeb et al., al., 2025) swelling swelling (Nayak
controlled pH-stable 2024) (Tripathi et al., et al., 2013)
release (Rao et al., 2024)
(Yasmin et al., 2017)
2024)
Tissue Bone Limited; Soft tissue Nanofiber matrices Limited Hydrogel matrix
engineering composites arabinoxylan cryogels; as supportive phase;
with nHAp; in scaffolds fibroblast- phase (Celikozli, biocompatibility
vitro and in evaluated compatible 2025; confirmed (Bal
vivo data (Yildirim- (Demir, 2024; Tantiwatcharothai & Swain, 2020)
(Cetin Genc et Semerci et Kumari et al., &
al., 2022, al., 2024) 2023) Prachayawarakorn,
2025) 2019)
Wound ZnO Moderate Cryogel scaffolds; Electrospun ZnO Moderate
dressing nanocomposite  (composite fibroblast support ~ nanofiber matrices  nanocomposites;
patches systems) (Demir, 2024) (Celikozli, 2025; antimicrobial
(Darvishi et Tantiwatcharothai (Hasheminya et
al., 2021) & al., 2023)
Prachayawarakorn,
2019)
Adsorption Moderate Low Low Moderate-to-high Moderate Moderate
(qm = 100 mg/g)
(Ain et al., 2025)
Film / High barrier Moderate; High in Moderate; Moderate; Low
packaging performance antioxidant composites composite antimicrobial
(Codinaetal., edible films (FSM—chitosan— reinforcement composite films
2024) (Halasz et PAA) (Corona- (Khodaman et al., (Foghara et al.,
al., 2022) Rivera et al., 2022) 2020)
2024)

Table 3. Structure-guided mucilage selection for representative biomedical application requirements.

Target Application

Key Structural Requirements

Most promising candidate
mucilage(s) based on current

evidence

Supporting Evidence

pH-triggered enteric or GI
delivery

Bone tissue engineering

scaffold

Soft tissue / dermal scaffold

Nanofibrous wound dressing
Adsorption / cationic species
removal

Thermoresponsive or dual-
stimulus carrier

Diffusion-controlled time-
dependent release

Composite film or functional
packaging

High uronic acid; anionic
surface charge; sharp or
graduated pH-gated swelling
Crosslinkable groups;
adequate Mw; scaffold
porosity
Sponge-like cryogel
microstructure; cell-
compatible surface; protein
contribution beneficial
Electrospinning
compatibility; moderate
viscosity; negative surface
charge
High anionic charge; dense
carboxylate groups;
modification capacity
High anionic charge; IPN-
forming potential; dual-
fraction architecture
High Mw; dense
entanglement; network
stability across pH range
Film-forming capacity;
mechanical strength; barrier
properties

BSM (sharp),
FGM (graduated),
QsSM

QSM

(+nHAp composite)

FSM

CSM
(+PVA blend)

CSM

FSM

PSM

QSM,
FSM

(Amjad et al., 2025; Hussain
et al., 2022; Sarfraz et al.,
2023)

(Cetin Genc et al., 2022,
2025)

(Demir, 2024; Kumari et al.,
2023)

(Celikozlii, 2025; Mahajan et
al., 2024)

(Ain et al., 2025)

(Haseeb et al., 2024)

(Irfan et al., 2021; Singh et
al., 2022)

(Codina et al., 2024; Corona-
Rivera et al., 2024)
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Raw Material Batch Variability

Plant-derived materials are inherently heterogeneous.
Mucilage composition-including monomer ratios, uronic
acid content, molecular weight distribution, and branching
degree-is sensitive to botanical variety, geographic origin,
climate, harvest timing, and agricultural management
practices. The extraction process amplifies rather than
resolves this variability when protocols are not
standardized. As illustrated in Figure 4, seed mucilages can
be obtained through multiple extraction approaches,
including water-based, ultrasonic, enzymatic, microwave-
assisted, and acidic or basic methods. Each of these
approaches introduces distinct process variables that can
significantly alter the physicochemical profile of the
recovered material; the diversity of these pathways is itself
a source of the batch heterogeneity that constrains cross-

study comparability. The documented sensitivity of PSM
molecular weight to extraction temperature (spanning
>1,000 kDa across a modest temperature range (Ptaszek et
al., 2025)) is one concrete illustration; similar extraction-
dependent variability is likely present, though less
systematically quantified, for other mucilages. Addressing
this requires, at minimum, parametric extraction studies
that establish quantitative relationships between key
process variables (temperature, pH, water:seed ratio,
extraction time, precipitation conditions) and material
output properties, culminating in validated and published
standard operating procedures. Without such standards,
cross-study comparisons and quality control in
manufacturing remain fundamentally limited (Cakmak et
al., 2023; Waghmare et al., 2022).

Quince Chia Psyllium

Seed Types

Basil

Flaxseed Fenugreek

\

& (

Water Based Ultrasonic

Extraction Methods

Enzymatic

Acidic/Basic

[
®,

Microwave Assisted

—

Y

Bioink

Wound Dressing

Application Areas

Drug Delivery

Hydrogel or Scoffold  Nanocomposites

Figure 4. Translational workflow of seed mucilage-based biomaterials from botanical source to functional
application. The schematic illustrates the progression from six seed types-quince, chia, psyllium, flaxseed, fenugreek,
and basil-through five principal extraction strategies (water-based, ultrasonic, enzymatic, microwave-assisted, and
acidic/basic), toward biomedical application domains including bioinks, wound dressings, drug delivery platforms,
hydrogel scaffolds, and nanocomposites. (Created with BioRender.com)
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The agricultural dimension of this variability is
particularly significant and merits explicit attention.
Mucilage composition is influenced not only by extraction
protocols but also by upstream agronomic factors.
Botanical cultivar or landrace, soil type and mineral
composition, irrigation regime, climate and seasonal
variation, harvest maturity stage, and post-harvest handling
and storage conditions all contribute to the polysaccharide
profile of the raw seed material prior to extraction (Tobar-
Espinoza & Pérez-Correa, 2025). For species with wide
cultivation ranges, such as flaxseed grown across Northern
Europe and Central Asia, or fenugreek cultivated across
South Asia and the Mediterranean, the same species name
may encompass substantial chemotypic variation (Ahmad
et al., 2016; Haseeb et al., 2024). This means that the raw
material heterogeneity problem cannot be resolved at the
extraction stage alone; it requires coordinated attention
across the agricultural supply chain, including cultivar
standardization, defined agronomic protocols, and
harmonized post-harvest specifications for seeds intended
for mucilage production. Engagement between materials
researchers and agrifood sector stakeholders, seed
producers, processors, and quality certification bodies, is
therefore likely to be important for efforts to bring batch-
to-batch consistency to seed mucilage biomaterials. Such
coordination would also support traceability, raw-material
grading, and quality specifications for mucilage-rich seed
fractions, which are essential if these materials are to move
from laboratory-scale extraction toward industrial
utilization. In this sense, standardization is not only a
technical requirement for biomaterial reproducibility but
also an economic requirement for establishing reliable
value chains around crop-derived biopolymers (Hurtado-
Fernandez et al., 2026).

Characterization Inconsistencies

Methodological heterogeneity across the mucilage
literature substantially impedes integration of findings and
identification of reliable structure—function relationships.
Swelling ratios are expressed in different units and
measured under non-uniform conditions of pH, ionic
strength, temperature, and equilibration time. Rheological
measurements are conducted across non-uniform strain
and frequency ranges. Zeta potential data are frequently
reported without specification of pH, ionic strength, or
polymer concentration, three variables that can shift zeta
potential by tens of millivolts. Biodegradation data are
sparse, inconsistently measured, and rarely obtained under
physiologically  representative  conditions.  These
inconsistencies mean that apparently contradictory
findings across studies may be difficult to resolve, as they
may reflect either genuine material differences or
methodological artifacts (Curley et al., 2025). Consensus
minimum  reporting standards for  mucilage
characterization, specifying measurement conditions and
units for each key parameter, would substantially improve
the field's ability to build cumulative, comparable
knowledge.

Mechanical Limitations of Unmodified Networks

Native seed mucilages, in their unmodified form, form
mechanically weak hydrogel networks that are unsuitable
for applications requiring structural integrity under

physiological loading. Their limited stiffness, poor creep
resistance, and tendency to swell excessively in aqueous
environments can limit their suitability for load-bearing or
dimensionally stable device contexts unless they are
modified or reinforced. Modification strategies,
crosslinking, nHAp or graphene oxide composite
formation, graft copolymerization, are routinely employed
to address this limitation (Cetin Genc et al., 2022; Olad et
al., 2023; Zhang et al., 2024). However, each modification
introduces new variables: crosslinker biocompatibility and
cytotoxicity must be independently assessed; composite
phase interfaces can introduce mechanical heterogeneity;
graft distribution is rarely uniform. A systematic approach
to modification—property relationships, applying the same
structure—function logic to modified and composite
systems that this review applies to native mucilages, is
needed. Studies that simultaneously characterize
mechanical performance, biodegradation kinetics, and
biological responses to both the modified polymer and its
degradation products are particularly lacking.

Biosafety Data and Regulatory Requirements

Regulatory translation of any material intended for
clinical use requires a comprehensive biosafety dataset
aligned with international standards, including ISO 10993-
1 (International Organization for Standardization, 2025).
For most seed mucilages, available biosafety evidence is
limited to short-term in vitro cytotoxicity assays with
standard cell lines, necessary but insufficient for regulatory
evaluation. Long-term biocompatibility data under
physiological conditions, chronic toxicity profiles,
systematic characterization of biodegradation products and
their biological effects, and for implantable formats,
immune response and tissue reaction data, are all required
and largely absent from the current literature. This gap is
particularly significant for modified and composite
mucilage systems, where the safety profile of the native
polysaccharide cannot be assumed to extend to the
modified form. Closing these gaps requires longitudinal,
multi-model studies specifically designed to generate
regulatory-compliant datasets. The resource investment
this requires means that coordination across research
groups, and alignment with industrial partners who have
clear translation objectives, will be necessary.

Future Research Priovrities

Five research directions would most meaningfully
advance the field. First, comparative experimental studies
evaluating multiple mucilages under identical extraction,
characterization, and application testing conditions would
substantially strengthen the structure—function evidence
base. Such studies are currently rare; the literature is
dominated by single-material investigations that cannot
support the cross-material conclusions needed to guide
rational material selection.

Second, systematic in vivo studies with extended
follow-up are needed for tissue engineering and wound
healing applications. The current evidence base is heavily
in vitro; the limited in vivo data available (notably for
QSM-nHAp in bone regeneration (Cetin Genc et al., 2025)
and FGM in oral drug delivery (Hussain et al., 2022)) are
promising but do not constitute a sufficient foundation for
clinical translation.
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Immune response characterization, tissue integration
quality, and biodegradation product assessment should be
included as standard endpoints in future in vivo studies.

Third, more thorough characterization of mucilage
behavior in advanced fabrication contexts, particularly
extrusion-based bioprinting and electrospinning, would
help establish the conditions under which each mucilage
can reliably be processed. Printability windows, post-
printing shape retention, crosslinking kinetics, and fiber
morphology consistency are parameters that need
systematic investigation for most mucilages in this group.

Fourth, mixed mucilage systems and mucilage—natural
polymer combinations represent an underexplored design
space. The structural diversity across the six mucilages
reviewed here suggests that combinations, pairing a high-
swelling mucilage with one providing better mechanical
stability, for example, could access property combinations
unavailable in single-component systems. Such
explorations should be grounded in the structure—function
principles established for individual components rather
than conducted empirically.

Fifth, future research should include scale-up, techno-
economic, and sustainability-oriented studies that evaluate
mucilage recovery within real agricultural and food-
processing chains. Life-cycle assessment, solvent and
energy demand, water use, extraction yield, compatibility
with existing processing infrastructure, and potential
market value should be considered alongside biomaterial
performance. These studies would help determine which
mucilages are most realistic for industrial utilization and
which applications—such as Dbiodegradable food
packaging, encapsulation, adsorption, wound care, or
tissue scaffolds—offer the strongest balance between
functionality, sustainability, and economic feasibility
(Cobbinah-Sam et al., 2025).

Conclusion

This review has systematically examined six
agriculturally accessible seed mucilages—QSM, PSM,
FSM, CSM, BSM, and FGM-—within a structure—
function—application framework. The analysis shows that
these mucilages should not be viewed as interchangeable
plant polysaccharides; rather, their distinct chemical
architectures appear to give rise to different
physicochemical behaviors, processing advantages, and
application-specific suitability across biomaterial, food-
related, environmental, and biomedical contexts.

Available evidence suggests that QSM is particularly
promising for swelling-driven systems, enteric delivery,
and nHAp-containing bone scaffold formulations because
of its glucuronoxylan structure, anionic character, and
reported regenerative scaffold performance. PSM appears
more suitable for diffusion-controlled and pH-stable
release systems, reflecting its high molecular weight,
extensive  branching, and entanglement-dominated
rheology. FSM may be especially relevant for soft tissue
scaffold and composite film applications because its dual-
fraction composition, strong anionic character, and protein

contribution can support network reinforcement,
bioadhesion, and cryogel formation. CSM appears
promising for electrospun nanofibrous  systems,

adsorption-related applications, and ion-responsive release

because of its negative surface charge and processing
compatibility in blended formulations. BSM combines
high reported extraction yield with sharp pH-gated
swelling, supporting its potential in enteric delivery and
food-related film or encapsulation systems. FGM, with its
galactomannan architecture and gradual pH-responsive
behavior, appears well suited to sustained intestinal
delivery and hydrogel-based carrier systems, although
broader comparative studies are still needed.

Against this background, four key limitations currently
constrain clinical and industrial translation: raw material
heterogeneity, = methodological  inconsistencies  in
characterization, mechanical limitations of unmodified
networks, and incomplete long-term biosafety data. These
challenges are not limited to a single mucilage system and
therefore require field-wide, standards-oriented solutions.
In addition to clinical or biomedical testing requirements,
future studies should also address agricultural feedstock
standardization, food-grade processing compatibility,
scalable extraction, and quality-control specifications for
industrial use.

From an agricultural and food science perspective, all
six mucilages originate from established crop, spice,
oilseed, fruit, or medicinal plant systems and are
commonly associated with underutilized seed fractions,
processing co-products, or widely traded commodities.
Their integration into existing agricultural and food-
processing chains could provide a sustainable route for
producing renewable, plant-based biopolymers while
contributing to agricultural waste valorization, value-
added product development, and circular bioeconomy
strategies. Importantly, these materials may create
economic value not only through biomedical products but
also through biodegradable packaging, edible or functional
films, encapsulation matrices, adsorption systems, and
other food- or agriculture-relevant material applications.

Taken together, seed mucilages represent a structurally
diverse family of renewable, plant-based biopolymers with
potential ~ relevance  across  agricultural,  food,
environmental, and biomedical material sectors. The
comparative framework presented in this review provides
a basis for application-driven material selection by linking
agricultural source, extraction route, molecular structure,
physicochemical behavior, and functional performance.
The practical implication is that mucilage selection should
be guided by target application requirements: high pH-
responsive swelling for enteric delivery, entanglement-
dominated viscosity for diffusion control, anionic charge
for adsorption or ionic complexation, electrospinning
compatibility for nanofibrous dressings, and composite-
forming capacity for films or scaffolds. Future research
should  prioritize  standardized  extraction  and
characterization, comparative studies under identical
conditions, long-term biosafety and biodegradation
assessment, food-grade and industrial processing
compatibility, and sustainability or techno-economic
analyses. Such work will be essential for translating seed
mucilages from promising laboratory materials into
scalable, value-added biopolymers within a circular
bioeconomy.
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