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Substantial volumes of plant stem residues are formed annually as residues of agriculture and byproducts of
food processing. Yet, their potential as a rich dietary fiber source has remained largely unexplored. These
lignocellulosic biomasses are naturally rich in structural polysaccharides that could serve as functional
ingredients to improve the nutritional and technological quality of food products. However, over the past
years, the utilization of plant stem waste for dietary fiber valorization has received minimal scientific
attention, leaving a significant research gap in sustainable food interventions. This review aims to
highlight the potential of plant stem waste as a valuable source of dietary fiber. It underscores that the
functional properties of stem-derived fibers are primarily influenced by lignification, fiber composition,
and cell wall structure rather than by total fiber content alone. The application of green extraction

technologies is shown to enhance fiber extractability, solubility, and functional attributes. Furthermore,
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This review highlights the potential of valorizing plant stem waste as a rich source of dietary fiber, contributing to sustainable food innovation. Stems, often

discarded during processing, contain valuable cellulose, hemicellulose, and pectins that can be efficiently recovered using green extraction technologies such as

ultrasound-, microwave-, and subcritical water-assisted methods. Incorporating stem-derived fibers into bakery, dairy alternatives, beverages, and functional

foods not only enhances nutritional value but also supports circular economy principles by reducing agro-industrial waste. This approach is going to fill the

existing gap in utilizing underexplored biomass for sustainable, fiber-enriched food applications while directly contributing to Sustainable Development Goals
(SDGS) 2, 3, and 12—Zero Hunger, Good Health and Well-being, and Responsible Consumption and Production.

1. Introduction

Plant-based agri-food waste refers to waste generated along the
agri-food chain from production to consumption. This waste
includes leaves, straws, seed pods, stalks, bagasse, or husks.
Although these are usually discarded, they are edible and also
contain important nutritional components, including carbo-
hydrates, proteins, dietary fibre, phytochemicals, and antioxi-
dants. According to the Food and Agriculture Organization
(FAO) of the United Nations, nearly one-third of global food
production, equivalent to approximately 1.3 billion tons, is
wasted annually. Plant-based agri-food waste can be catego-
rized into two primary types: field residues and process
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residues. Field residues refer to the organic materials that
remain in agricultural fields after crops have been harvested. In
contrast, process residues are the byproducts generated during
the processing of crops into value-added products, which
persist even after the primary agricultural output has been
transformed into a final product.> As agri-food industries
generate enormous amounts of waste, this presents an impor-
tant research area aimed at minimizing and managing them
efficiently to support the zero waste and circular economy
concepts.® Although numerous reviews have broadly examined
the valorization of agri-food waste and the recovery of dietary
fiber, many take a generalized stance that combines various by-
products such as peels, pomace, husks, and bran, or focus on
non-food uses like biofuels, biomaterials, and energy genera-
tion. In contrast, plant stem wastes, including stems, stalks,
cores, and pseudostems, are relatively underexplored as
a separate category, despite their distinct lignocellulosic struc-
ture and consistently high fiber content. The structural and
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compositional characteristics of stems differ fundamentally
from other plant residues, directly influencing fiber extract-
ability, hydration behavior, fermentability, and food application
potential. Among various types of agri food waste, plant stem
waste is highly abundant and present in both field and process
residues. In traditional crop production, it is a frequent practice
to discard the stems of many crops in the field, using them as
low-value animal fodder and biomass. However, these plant
stem wastes represent an unexplored source of dietary fibers
with beneficial bioactive compounds. According to recent
studies, banana pseudostem flour exhibits a remarkably high
total dietary fiber (TDF) content, ranging from approximately
60% to 67% on a dry-weight (dw) basis.* Similarly, sugarcane
bagasse is composed largely of lignocellulosic fiber and re-
ported to contain 79.5% (dw) TDF.® Broccoli stalk fractions
isolated as fibre-rich ingredients have produced TDF concen-
trates in the range of 61-69% (dw), demonstrating that crucif-
erous stems are also promising fibre sources.® These
quantitative examples show that stem residues are not marginal
waste streams but concentrated repositories of functional die-
tary fibre. Building on this evidence, the present review adopts
a stem-centric and functionality driven perspective, focusing
exclusively on plant stem wastes as dietary fiber sources for food
applications. Rather than merely cataloguing fiber-rich resi-
dues, this review integrates botanical origin, fiber chemistry,
extraction feasibility, and techno-functional performance to
critically evaluate the suitability of different stem types for
value-added food use. By linking intrinsic structural features,
such as cellulose crystallinity, hemicellulose content, and lignin
distribution, to functional outcomes including water-holding
capacity, oil-holding capacity, swelling behavior, and, this
review enables differentiation between high-potential stem
wastes and those more appropriate for non-food valorization
pathways. Dietary fiber has great potential as a functional food
ingredient due to its well-established physiological advantages
as well as its techno-functional qualities, which include
improving texture, water-binding, and stability. Short-chain
fatty acids (SCFAs) like butyrate, propionate, and acetate are
produced in the colon by fermentable fibers and support the
integrity of the intestinal barrier, lower inflammation, and
improve gastrointestinal motility.” Researchers are looking for
new uses for agri-food waste and converting it into value-added
products. Studies on dietary fiber significantly add to the
economic value of food waste, highlighting the significance of
fiber in improving the health of the population. The potential
reuse of agricultural waste improves the economic efficiency of
agriculture. Importantly, high dietary fiber content alone does
not necessarily translate into optimal nutritional and techno-
logical performance, as trade-offs often exist between fiber
composition, extractability, fermentability, and functional
quality. Additionally, the scalability and sustainability of
extraction technologies remain key challenges in translating
laboratory findings into industrial applications. Therefore,
beyond summarizing existing literature, this review critically
examines trade-offs, identifies the most promising stem waste
streams for food use, and highlights current challenges and
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future opportunities in the food-grade valorization of plant
stem fibers.

2. Plant stem waste

The plant stem is a crucial axial organ consisting of several
specialized tissues arranged to provide structural support and
functional competence. The epidermis is the outermost layer,
a continuous barrier to protects the underlying tissues from
desiccation and physical damage. It also contains stomata,
which facilitate passageways for gas exchange and transpira-
tion. Beneath the epidermis lies the cortex, made up of paren-
chyma cells that function in storage and repair, and
collenchyma cells that offer flexible support at the new growth
areas of elongating stems. The innermost region of the stem
contains vascular tissue organized as bundles or continuous
cylinders. The xylem transports the water and dissolved
minerals taken up from the soil via the roots to the aerial part of
the plant, and the phloem transports organic nutrients with
a specific emphasis on photosynthates to all parts of the plant.®
In addition to serving as conduits for assimilated nutrients,
mineral and water transportation stems also act as storage sites
for carbohydrates, secondary metabolites and water. Further-
more, they provide mechanical support and optimize photo-
synthesis by allowing plants to elevate leaves toward sunlight.’

Plant stem waste primarily occurs in agricultural and food
processing industries as a byproduct of crop harvesting and
food production. The main types of plant stem waste are
depicted in Fig. 1. This waste is generated from various sources,
including crop residues left in fields after harvest, trimmings
from fruit and vegetable processing, and discarded stems from
ornamental plant production. A recent study outlined that
approximately 1.28 billion tonnes per year of maize stems are
discarded globally." Similarly, global sugarcane production
hovers around 1.87 billion tonnes annually, generating roughly
130 kg of dry bagasse per tonne of cane. That translates to about
243 million tonnes of bagasse per year.'" Furthermore, the
preservation of food quality necessitates the intentional
removal of plant stems and fibrous components in the food
processing industry. Refined and processed foods often
purposely remove fibrous components, leaving a mound of
fibrous agricultural waste that typically includes stems.'> For
instance, only a fraction of sugarcane stems is processed for
juice extraction, while the remaining fibrous residue (bagasse)
is often underutilized or burned, leading to environmental
burdens. This waste stems not from the absence of nutritional
value but from processing inefficiencies, market limitations,
and the tough, lignified texture of many stems, which hinders
direct consumption.'* However, these plant stem wastes repre-
sent a hidden source of dietary fiber and contain both soluble
and insoluble dietary fibers, which can be effectively utilized as
an excellent source of dietary fiber for novel food applications.
This review aims to explore the often-overlooked components of
agri-food waste, specifically focusing on the identification of
potential hidden fibrous stems, stalks, cores, and cobs. By
addressing this gap in research, we aimed to highlight the value
of these materials and their potential applications in the food
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Fig. 1 Main types of plant stem waste.

industry, contributing to a more sustainable approach in waste
management and resource utilization.

3. Dietary fibers in plant stems/stalks

Dietary fiber (DF) extracted from plant stems and stalks
primarily consists of complex polysaccharides that are resistant
to digestion in the human gastrointestinal tract. Depending on
the water solubility, dietary fibers are categorized as soluble
dietary fiber (SDF) and insoluble dietary fiber (IDF).** Soluble
fiber types include pectin, beta-glucans, gums and mucilage,
whereas insoluble dietary fiber types include cellulose, hemi-
cellulose, and lignin. Plant stem waste is comprised of various
fibers, each present in differing proportions, that play a signifi-
cant role in modulating digestive health and influencing
metabolic processes.” Stems and stalks of agricultural plants,
traditionally considered lignocellulosic waste, are now gaining
attention as sustainable sources of dietary fiber due to their
abundance and rich fiber profiles.'®

3.1 Insoluble fibers

3.1.1. Cellulose. Cellulose, the primary component of
insoluble dietary fiber in stems and stalks, is a linear polymer of
B-1,4-linked glucose units. It is an unbranched polymer
composed of repeating moieties of p-anhydroglucopyranose-
connected B-(1 — 4) glycosidic bonds.”” The chemical struc-
ture of cellulose is depicted in Fig. 2. Microfibrils serve as
tensile fibers, contributing significantly to the tensile strength
and rigidity of the primary cell wall.'® As it is a fundamental
component present in all cell walls within stems, it includes
both the primary walls of growing cells and the more robust
secondary walls found in xylem vessels, fibers, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sclerenchyma. For instance, bast fiber such as flax and hemp,
along with cotton are composed of elongated sclerenchyma
cells with thick secondary walls, which contain over 90%
cellulose. Cellulose microfibrils create the structural framework
of the cell wall.” In the primary wall, a network of cellulose
fibers is embedded within a hydrated matrix composed of
pectin and hemicelluloses. In secondary walls, particularly in
xylem and fibers, additional lignin is deposited around the
cellulose network, which makes the walls rigid and water-
proof.*® Cellulose polymers and their derivatives are extensively
utilized in the formulation of various food products. As a dietary
fiber, cellulose is insoluble and primarily fermentable by gut
microbiota. It contributes to the bulk of stool and plays
a significant role in promoting regular bowel movements.*
Although cellulose is only minimally fermented in the human
colon, its rigid, insoluble structure and high bulking capacity
increase gastric distention and delay gastric emptying, thereby
promoting satiation through mechanical stimulation of
gastrointestinal stretch receptors. This volume-driven mecha-
nism prolongs postprandial fullness and moderates nutrient
absorption, contributing to sustained satiety independently of
short-chain fatty acid production.* Recent studies suggest that

Fig. 2 Chemical structure of cellulose.
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such poorly digestible, cellulose-rich fibers may elicit longer-
lasting satiety responses than rapidly fermentable fibers, high-
lighting the importance of fiber physical structure rather than
fermentability alone in appetite regulation.”” As a straight-chain
polymer of glucose, cellulose can undergo slow fermentation,
resulting in the production of short-chain fatty acids (SCFAs)
that support the health of colonocytes.”® Modified celluloses,
whether chemically or physically altered, offer significant
benefits across various food products, particularly in enhancing
their bulk properties. These products include healthier alter-
natives, reduced-fat, low-fat options, oil-absorbing ingredients,
and flowable items such as synthetic sweeteners and flavoring
packets.> The incorporation of these cellulosic compounds in
food processing is chiefly attributed to their rheological char-
acteristics, controlled water interactions, and textural proper-
ties, rather than their solubility or other chemical traits.?

3.1.2. Hemicellulose. Hemicelluloses are polysaccharides
which have backbones consisting of glucose units connected
with B-(1 — 4) glycosidic linkages.?® The Chemical Structure of
hemicellulose is illustrated in Fig. 3. They differ from cellulose
in that hemicelluloses are smaller in size, are usually branched,
and contain a variety of sugars. The hemicellulose groups,
including xylans, xyloglucans, mannans, and glucomannans,
typically constitute 20-35% of the total fiber content. Hemi-
celluloses are classified as partly soluble fibers. For example,
arabinoxylans and mixed-linkage B-glucan dissolve in hot water
to form viscous gels. Its solubility and fermentability render it
valuable in modulating gut microbiota and improving choles-
terol metabolism.>® In the colon, hemicelluloses are fermented
by the microbiota, leading to the production of short-chain fatty
acids (SCFAs). This process plays a significant role in main-
taining gut health and providing energy to colonic cells. Soluble
hemicelluloses contribute to slowing glucose absorption and
lowering cholesterol levels, while insoluble hemicellulose frac-
tions increase dietary bulk.*” Overall, hemicelluloses exhibit
moderate fermentability. Diets high in arabinoxylan and glu-
comannan have been shown to enhance the growth of Bi-
fidobacteria and stimulate SCFA production.

3.1.3. Lignin. Lignin is a three-dimensional, long-chain,
and high molecular weight aromatic polymer of phenyl-
propane units, including sinapyl, coniferyl, and p-coumaryl
alcohol, that undergoes a complex dehydrogenative polymeri-
zation. The chemical structure of lignin is depicted in Fig. 4.
Lignin comprises 10% to 25% of the biomass in plant primary
cell walls and contributes to the formation of rigid,
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impermeable, and resistant structures.”® Although lignin is not
fermentable and is generally classified as a non-digestible
component, its presence impacts the bioavailability and
extractability of other dietary fiber components.” Lignin is
counted as an insoluble fiber. It is completely non-
carbohydrate, so not fermented by colonic bacteria. Lignin
does not contribute any calories but plays a role in increasing
fecal bulk and accelerating transit time. Certain phenolic
compounds derived from lignin may be released by gut
microbes and could function as antioxidants within the colon.
However, a high lignin content can inhibit the fermentation of
other types of fiber. For instance, cereals such as sorghum,
wheat, oats and barley, which contain relatively higher lignin
levels, tend to yield lower short-chain fatty acids (SCFAs)
production compared to legumes, which contain less lignin.

3.2 Soluble fibers

3.2.1. Pectin. Pectin is composed mainly of moieties of p-
galacturonic acid, which are interconnected through o-1,4-
glycosidic bonds. The chemical structure of pectin is illustrated
in Fig. 5. It is located in the cell walls in the central lamella and
provides firmness and contributes to structural cohesion within
the stem. Three basic structural domains of pectin include
homogalacturonan, rhamnogalacturonan I, and the substituted

COOH OH COOH OH
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OH OH OH OH
o o of o
OH COOH OH COOH

Fig. 5 Chemical structure of pectin.
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Fig. 3 Chemical structure of hemicellulose.
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galacturonans, xylogalacturonan and rhamnogalacturonan IL.%°
The ratios between these polysaccharides can vary, but the
largest portion of polysaccharides is homogalacturonan
(around 65%), followed by rhamnogalacturonan I, while xylo-
galacturonan and rhamnogalacturonan II constitute less than
10%.%*' The hydroxyl or carboxyl groups of pectin can be esteri-
fied into methyl-esterified and O-acetyl esterified. Depending on
the percentage of esterified groups, the degree of esterification
(DE) can be determined, which is the key factor underlying the
determination of the gelling ability of pectin. Therefore,
distinction is made between the high-methoxylated (HMP)
pectin and low-methoxylated pectin (LMP). The degree of
esterification in HMP is above 50% (DE > 50%) and needs
cosolutes like sugars or polyols to form a gel, since they help
promote the formation of a network of hydrogen bonds and
hydrophobic interactions between pectin molecules. These
cosolutes act by replacing water molecules, which makes it
easier for the pectin chains to interact with each other and form
the gel network. Conversely, the degree of esterification is below
50% (DE < 50%) and divalent cations like Ca** are required for
the formation of gel because it lacks the hydrogen bonding
capabilities of high-methoxylated pectin.®*> The range of
different pectin applications is broad; hence, high-
methoxylated pectin is applied in the fruit industry for the
preparation of jams and jellies as a gelling agent, thickener,
stabilizer, and emulsifier, but also for other jelly-like products,
while low-methoxylated pectin is used in ice cream, bakery
glazing, low-calorie products, fat substitutes, and emulsified
meat products. Pectin has the potential as a prebiotic due to its
ability to modulate microbiota and a positive impact on the
distal part of the colon.*

3.2.2. B-Glucan. As an unbranched polysaccharide, B-
glucan is composed of glucose moieties linked to polymers by B-
(1 — 3) and B-(1 — 4) bonds with around 70% and 30%
representation, respectively.** The chemical structure of (-
glucan is illustrated in Fig. 6. These B-glucans have proven
health benefits, such as reducing cholesterol levels, preventing
diabetes, and diminishing the risk of coronary heart disor-
ders.* The solubility of f-glucan depends on its molecular and
structural properties. Thus, the existence of B-(1 — 3) links
violates the regularity of B-(1 — 4) link intervals, which enables
water molecules to penetrate molecular chains, causing fiber
solubilization. On the other hand, nearby situated pB-(1 — 4)
bonds can cause inter-chain aggregation due to the formation
of hydrogen bonds, resulting in the reduction of B-glucan
solubility.** Furthermore, water-insoluble B-glucan had poor
beneficial effects on the digestive system, while water-soluble p-
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glucan exhibited many potential health benefits, like an
immunity enhancer, lowering of total serum and low-density
lipoprotein, and a role in weight and diabetes control.*® -
Glucan has antimutagenic, anticytotoxic, and antitumorigenic
properties, and can generally improve the resistance of the body
to cancer, parasitic and infectious diseases.*®

3.2.3. Gums and mucilage. Gums and mucilage are not
integral components of cell walls; rather, they are synthesized in
specialized secretory cells within plants. These substances are
composed of highly branched polysaccharides that form gels,
facilitating the binding of water and other organic materials. As
gums, mucilages are SDF that are used as gelling agents,
thickeners, stabilizers and emulsifying agents.>” The combina-
tion of gums and mucilage with water results in the formation
of viscous solutions or gels, due to the presence of hydrophilic
molecules. The chemical and physical characteristics, along
with the size of these molecules, influence the properties of the
resulting gums. Gums that have the same molecular weight but
are composed of linear polysaccharides tend to exhibit greater
viscosity because they occupy more space than their highly
branched counterparts. Linear polysaccharides readily form
gels and generally possess lower viscosity and enhanced
stability due to a significant reduction in interactions along
their chains.®®

4. Potential sources of dietary fibers
in agricultural food stem waste

Stems, stalks, cores and cobs are examples of axial plant resi-
dues, which are an unexplored class of lignocellulosic biomass
produced by agricultural practices. Despite having a high die-
tary fiber content, especially insoluble components like cellu-
lose and hemicellulose, these structures, which are oriented
along the central axis of the plant, are frequently discarded after
harvesting and processing. In the following context, some of the
vital research findings relevant to dietary fiber from axial plant
residues like stems, stalks, cores and cobs are comprehensively
covered.

4.1 Sugarcane stem bagasse (SCB)

Sugarcane bagasse is a by-product of the sugar manufacturing
process, sugarcane treacle and sugarcane jaggery industries,
which is frequently burned, causing substantial air pollution
and posing serious environmental challenges. This fibrous
bagasse contains a significant amount of dietary fiber, which
can be effectively utilized to produce dietary fibre-enriched food

OH
H OH H H H OH H
H - H H
-0 H 0 HO -0
HO HO 0
4
p1 Owp,
o o HO 0
o ~0 3 H
3| H Ton (Pt 3 H H o oy [P OH
H H
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Fig. 6 Chemical structure of B-glucan.
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products, nutraceuticals, and pharmaceuticals.”® A study re-
ported that SCB contains 79.5% TDF (dw), consisting mainly of
75.7% (IDF) and 3.8% of SDF.*® According to Sangnark and
Noomhorm,*® the chemical constituents of bagasse are variable
with cellulose, hemicellulose and lignin fibers ranging from 55-
58% (dw), 26-32%, and 19-22%, respectively. Similarly, another
study found that the chemical composition of sugarcane
bagasse included 37.2% (dw) cellulose, 22.1% hemicellulose,
and 26.5% lignin.** The peel of sugarcane is rich in cellulose,
hemicellulose, and lignin. Removing the peel results in
a significant loss of these fibers. Consequently, a study reported
that sugarcane bagasse with the peel yields a higher amount
than bagasse without the peel. The fiber content in sugarcane
bagasse with the peel is 12.43% (dw), compared to 8.61% in
bagasse without the peel. This demonstrates that the peel itself
contains a substantial amount of dietary fiber. Thus, the
removal of the peel diminishes the overall fiber content of the
sugarcane bagasse.”

4.2 Brassica stem

Cruciferous crops, or Brassicas, are grown worldwide as
temperate crops, including cabbage, cauliflower and broccoli.
Brassica crop residues and byproducts have been produced in
significant quantities along the supply chain as a result of the
recent global expansion of cruciferous crop production. In 2022,
the FAO reported that the global production of cruciferous
crops, including cabbage, reached a total of 72 604 kt.** Broccoli
production and consumption have increased in the last decade
because of changes in population lifestyles, leading to a high
adherence to healthy diets. The waste from the broccoli industry
has become an environmental problem for the agri-food
industries. In this regard, only 15% of the total plant biomass
is constituted by the edible and a large quantity of by-products,
especially the stalk, is generated after harvesting.® However, the
Brassica stems are rich in dietary fiber and other health-
beneficial components, including dietary fiber, protein, vita-
mins, minerals, and significant bioactive compounds**
According to a prior study, broccoli stems have about 38%
(dw) total dietary fiber, of which 3.2% (dw) is soluble dietary
fiber and 34.9% (dw) is insoluble.® The same study found that
broccoli stem fiber contains cellulose 18.5% (dw) and hemi-
cellulose 24.1% (dw) of dry weight.® Cauliflower stem dietary
fiber is predominantly composed of insoluble dietary fiber
(IDF), with a lesser proportion of soluble dietary fiber (SDF),
reflecting its rich cell wall matrix. The IDF fraction is primarily
composed of cellulose, hemicellulose, and lignin. Cellulose
constitutes the structural backbone of the fiber, forming crys-
talline microfibrils that confer rigidity and mechanical
strength. Hemicellulose, although present in lower amounts,
contributes to the flexibility and water-binding properties of the
fiber. Quantitatively, Eyupoglu et al,* reported that dried
cauliflower stem contained approximately 36.5% (dw) TDF, of
which IDF comprised 87.7% (dw) and SDF 12.3% (dw). The
cellulose content was notably high at 58.5% (dw) of the fiber,
followed by hemicellulose at 24.2% (dw) and lignin at 17.3%
(dw). The cabbage stalk often discarded during minimal
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processing, is a rich source of dietary fiber and minerals,
making it a promising ingredient for food valorization.
According to Brito et al.,*® cabbage stalk flour obtained after
drying and milling contained 42.67% (dw) of TDF. The fiber was
predominantly insoluble, with IDF accounting for approxi-
mately 37.81% (dw) of the mass in a 100-gram sample, while
SDF constituted about 4.86% (dw).

4.3 Corn cobs and stalk

Corn (Zea mays L.) ranks as one of the three major cereal crops
globally, leading production with approximately 1162 million
tonnes (Mt) of grain harvested in 2020.*” The cultivation of corn
not only yields grain but also generates significant agricultural
residues, such as corn stalks and cobs. For every 1 kg of dry corn
grain harvested, around 0.15 kg of cobs is produced,*® resulting
in an estimated 174.3 Mt of corn cobs in 2020 alone.*” Corncobs
are exceptionally fibrous and contain high levels of total dietary
fiber (TDF). Recent studies reported that dried cob meal
contains approximately 89-93% (dw) of total dietary fiber.®
Compositionally, corncobs are rich in hemicellulose and
cellulose, typically comprising 33-43% (dw) cellulose, 26-36%
(dw) hemicellulose, and 17-21% (dw) lignin.*® For instance, one
analysis indicated that corn cob fiber consists of 38.5% (dw)
cellulose, 41.9% (dw) hemicellulose, and 6.7% (dw) lignin.**
Additionally, corncobs contain both free and bound phenolic
compounds, as well as soluble dietary fiber and B-glucans.”
Ground corncobs exhibit a high total dietary fiber content,
ranging from 89.9% (dw) to 93.2% (dw) on a dry weight basis,
with soluble dietary fiber making up 0.8% (dw) to 2.2% (dw).
Their composition also includes 43-46% (dw) of hemicellulose,
35-39% (dw) of cellulose and 3.2-6.4% (dw) of lignin.*
However, it is important to note that the nutritional composi-
tion of corn stover, which includes cobs and stalks, can vary
significantly based on factors such as variety, environmental
conditions, and processing methods.>*

4.4 Sorghum stalk

Sorghum stalk residues, particularly from sweet sorghum and
grain sorghum, are rich in lignocellulosic components and
represent a significant source of dietary fiber. Qiu et al>
investigated the dietary fiber content of different sorghum
fractions, found that total dietary fiber (TDF) and insoluble
dietary fiber (IDF) were highest in sorghum stalk bagasse, fol-
lowed by whole stalk biomass, and lowest in bran. Their study
also showed that the bagasse, being cellulose-rich, contributed
predominantly to the IDF fraction, while branched hemi-
cellulose was the primary contributor to soluble dietary fiber
(SDF). Hu et al.>® reported that sweet sorghum bagasse—the
fibrous material remaining after syrup extraction-contains
approximately 37.7% (dw) cellulose, 28.1% (dw) hemi-
cellulose, and 21.5% (dw) lignin. Grain sorghum straw has also
shown comparable or higher cellulose content, as shown by
Andrade Alves et al.,”” recording 49.4% (dw) cellulose, 19.2%
(dw) hemicellulose, and 30.4% (dw) lignin in Brazilian sorghum
straw. Saeed et al®*® found that Sudanese sorghum bagasse
contained 43.0% (dw) cellulose, 21.1% (dw) hemicellulose, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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15.2% (dw) lignin. These values are generally consistent with
previously reported ranges for sweet sorghum, which include
27-45% (dw) of cellulose, 25-27% (dw) of hemicellulose and 11-
25% (dw) of lignin.*

4.5 Pineapple core/stem

Pineapple fruit yields two major fibrous by-products: the core
(inner cylinder) and the stem (plant stalk left after harvest), and
both are rich in plant cell-wall materials. Recent analyses show
that the pineapple core is dominated by insoluble fibers with
only a small soluble fraction.* Shiau et al.** measured the die-
tary fiber in pineapple cores and found a total dietary fiber
(TDF) content of 53.6% (dw), consisting of 51.1% (dw) of
insoluble dietary fiber (IDF) and 2.45% (dw) of soluble dietary
fiber. The lignocellulose composition of pineapple core has
been reported as cellulose 14.2% (dw), hemicellulose 36.06%
(dw) and lignin 10.05% (dw).®* In contrast, the whole dehy-
drated core press-cake after juice extraction is less fibre-rich,
and a study found that its TDF is 17.70%, with IDF 16.17%
and SDF 1.53%.% Pineapple stem, the lower stalk or trunk of the
pineapple plant left after fruit harvest, is even more lignocel-
lulosic than the core. It contains large amounts of structural
polysaccharides, often coexisting with high starch content.
Recent studies show that whole pineapple plant stems fiber
contains 46.15% of hemicellulose, 31.86% cellulose and 18.6%
lignin.** After pineapple juice extraction, the remaining dried
stem press-cake is also fiber-rich. Campos et al.*® reported the
stem press-cake had 44% IDF, implying very high insoluble
fiber content, and both core and stem were strongly insoluble as
they contain significantly low SDF content.

4.6 Water hyacinth stem

Water hyacinth (Eichhornia crassipes) stem represents an
underutilized lignocellulosic biomass with significant potential
as a novel dietary fiber ingredient. The cell wall composition of
water hyacinth stems is primarily characterized by cellulose and
hemicellulose, with a low lignin content.®® Enyi et al. (2020)*”
demonstrated that the water hyacinth stem is the most fibrous
part of the plant, and total dietary fiber content was around 58%
by fresh weight (FW). Another study indicated that the dry
biomass of water hyacinth stem consists of approximately
24.5% of cellulose and about 34.1% of hemicellulose.®® Another
analysis found higher levels of cellulose, with around 67.5% of
cellulose and 22.3% of hemicellulose in the isolated fiber frac-
tion.* In general, water hyacinth stems have a high cellulose
and hemicellulose content with a lower amount of lignin
content.” Chonsakorn et al.”* also indicated that the stem fiber
comprises approximately 72.17% cell wall material, with
significant amounts of cellulose (50.38%) and hemicellulose
(19.54%), while containing a relatively low lignin content
(2.25%). Moreover, another study also demonstrated that
hyacinth stem lignin content is around 4-8% of dry stem
mass.”> This composition indicates a predominance of insol-
uble dietary fiber components, with cellulose contributing to
structural integrity and bulking capacity, and hemicellulose
providing both soluble and insoluble fractions that could

© 2026 The Author(s). Published by the Royal Society of Chemistry
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influence water-holding and viscosity-related functional prop-
erties. The low lignin content suggests that water hyacinth stem
fiber may be less rigid compared to lignin-rich sources.”

4.7 Banana pseudostem

Banana plants are tall herbs belonging to the Musa genus of the
family Musaceae. This major commercial fruit crop is
predominantly grown in subtropical and tropical regions.
Bananas and plantains are the fourth-largest staple crop in the
world and are essential to maintaining food and nutritional
security for over 400 million people worldwide.” Approximately
60% of the banana biomass is wasted after harvest and post-
processing, accounting for 114.08 million metric tonnes glob-
ally.” However, after harvesting, the resultant agri-biowaste is
usually burned or released into the surroundings.” For every
ton of banana fruit harvested, approximately 3 tonnes of
pseudostem are discarded.” However, the discarded biomass is
an abundant source of phosphorus, calcium, magnesium, and
potassium. The effect and quantity of these phytocompounds
found in the pseudostem vary according to age, variety, and
genotype. Furthermore, it contains a variety of nutrients,
including fiber, potassium, and vitamin B6, which can support
detoxification and body weight management.”” Multiple studies
have demonstrated that the banana pseudo-stems contain
substantial amounts of both insoluble and soluble dietary fiber,
along with associated bioactive components. Bhaskar et al.”®
reported that the pseudostem of Musa sp. var. elakki bale
contains approximately 28.8% total dietary fiber (TDF), with
27.4% being insoluble dietary fiber (IDF) and 1.4% soluble
dietary fiber (SDF). Subagyo et al’® found that pseudostem
sheaths contain 60-85% lignocellulosic material, with cellulose
constituting around 50% of dry weight, accompanied by
substantial hemicellulose, lignin, pectin, and ash. In a subse-
quent study on Musa sp. cv. Nanjangud Rasa Bale, Ramu et al.”®
reported a total dietary fiber (TDF) content of 61%, predomi-
nantly consisting of insoluble dietary fiber (IDF), with cellulose
levels surpassing those of hemicellulose and lignin.

4.8 Amaranth stem

Amaranth (Amaranthus spp.) is a fast-growing, drought-resistant
plant widely cultivated across the world for its edible leaves and
protein-rich grains. While most attention has historically
focused on amaranth seeds and leaves due to their high nutri-
tional value, the plant generates a substantial volume of stem
biomass that is often discarded as agricultural waste. The
amaranth stem, which comprises both fibrous outer tissues and
a softer inner core, has largely been underutilized despite its
significant structural and biochemical complexity. Recent
studies reported that amaranth stalks are highly lignocellulosic
and rich in dietary fiber, predominantly in the insoluble frac-
tion. For example, Emam et al. analyzed red amaranth (Amar-
anthus cruentus) stems and found that the outer bark contains
43.6% cellulose, 17.6% hemicellulose and 20.3% lignin (dry
weight), while the central pith contains 37.5% cellulose, 12.1%
hemicellulose and 9.4% lignin.*® Likewise, Bamisaye et al.®
reported green amaranth (Amaranthus hybridus) stem waste
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with roughly 11.1% cellulose, 4.2% hemicellulose and 12.3%
lignin. These figures indicate that amaranth stems can contain
a very high proportion of insoluble dietary fiber. In 2020,
a detailed survey of 17 genotypes of stem amaranth (Amaranthus
lividus) reported mean dietary fiber values around 78.9 pg per g
fresh weight (FW) with significant genotype variation ranging
from 62 to 96 pg per g FW.*> Meanwhile, an investigation of
Amaranthus hypochondriacus genotypes found dietary fiber in
the range of 7.3 to 10.3 g/100 g FW across eleven genotypes,
averaging around 8.7 g/100 g FW.** In animal-feed studies, diets
incorporating stem and leaf powder of A. hypochondriacus were
reported to contain approximately 6.2% to 9.6% total dietary
fiber, reinforcing that stem waste contributes materially to fiber
content.? Taken together, these findings suggest that amaranth
stalk residues - often an agricultural waste could be valorized as
a novel fiberrich ingredient. The dominant cellulose/
hemicellulose content should confer classic fiber benefits,
including gut motility, controlling glycemic index and choles-
terol reduction, making stem-derived fiber potentially useful in
food formulations or nutraceuticals. Comparative ranking of
plant stem waste for food applicability, extractability and fer-
mentability is shown in Table 1.

As shown in Table 1, stems with high total dietary fiber (TDF)
content and high lignification, such as sugarcane bagasse, corn
cobs, and sorghum stalks, have low extractability and fer-
mentability, making them less suitable for food applications. In
contrast, stems with moderate TDF content and lower lignifi-
cation, such as banana pseudostems, pineapple stems/cores,
and water hyacinth stems, improve their extractability and
hydration properties. This makes them more suitable for
producing food-grade dietary fiber. Among these options,
banana pseudostem stands out as particularly promising due to
its abundance, minimal processing requirements, and versa-
tility in food formulations.

5. Plant stem waste valorization

Valorization refers to the process of converting waste into value-
added products, closing the loop of resource use in agriculture.
The importance of utilizing discarded plant stems is progres-
sively acknowledged as a pivotal part of sustainable farming and
circular economic visions. This waste valorization approach
aims to reduce waste while enhancing resource productivity,
thereby contributing to ecological sustainability and economic
resilience.*® As previously mentioned, agricultural food waste
remains a significant issue for the food and agriculture sectors.
To solve this issue, a viable and sustainable valorization
program must be established. Plant stems, stalks, cores, and
cobs comprise a significant portion of the various types of
agricultural waste.** These byproducts present excellent
opportunities for creative recycling and repurposing initiatives
due to their abundance and high dietary fibre content.?” A study
indicated that sugarcane bagasse has been used for dietary fiber
extraction as a sustainable valorization approach and developed
fiber-fortified bakery products to improve texture and nutri-
tional value.*®*° Moreover, a research study on the extraction of
dietary fibre from banana pseudostem has demonstrated
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excellent functional and nutritional properties, including water
retention and prebiotic potential, making it suitable for use in
fibre-fortified food formulations.” Also, broccoli stems, which
are often thrown away, are full of dietary fiber and glucosino-
lates, which are good for health as they fight cancer and free
radicals.® The potential for recycling plant stem residues can
help farmers diversify income streams, reduce on-farm waste,
and improve overall resource efficiency. This also helps the
environment by reducing agri-waste and making food systems
more resilient.** A variety of valorization methods have been
established to extract dietary fibers from different plant sources,
as documented in the literature. However, not all plants are
suitable for these extraction techniques. The methods are
tailored to accommodate the specific fibrous structures present
in the cobs, cores, stalks, and stems of each plant.”* By
considering the unique structural properties of the source
material, each method is thoughtfully designed to enhance
both the yield and quality of dietary fibers.”* Liquid-to-solid
ratio, contact time, and temperature can influence the yield of
dietary fiber.”” Several studies have argued the effect of treat-
ment methods on the structure of dietary fibers in various ways.
For example, alkali and acid-mediated extraction can damage
the molecular structure of dietary fiber, while enzymatic
extraction techniques may result in incomplete extraction.*®
Alternatively, combined extraction methods that utilize both
enzymatic and solvent techniques can be effective for extracting
dietary fiber. Apart from that, the modified wet-milling method
has been recommended for improving extractability.®* This
method is cost-effective, produces high-purity fiber, and
requires fewer chemicals and less water than other commonly
used methods. According to findings, the wet-milling technique
yields dietary fiber with a purity of 50% to 90%.°> On the other
hand, pulsed electric fields, ultrasound, microwaves, high
hydrostatic pressure, and ionizing radiation are examples of
novel green extraction technologies that each have unique
benefits and drawbacks. These innovative, sustainable valori-
zation methods enable high-quality extraction that is repeat-
able, manageable, and less harmful to the environment.*® For
instance, Sun et al.®” extracted insoluble dietary fiber from
soybean residues using a combination technique of ultrasonic-
assisted alkali extraction, yielding 744 mg of insoluble fiber per
gram of raw soybean. Recently, Wen et al.*® explored the effects
of ultrasonic-microwave-assisted extraction on soluble dietary
fiber from coffee waste and compared this method to traditional
solvent extraction techniques and similarly reported that
ultrasonic-microwave-assisted extraction produced more
soluble dietary fiber yield. Begum and Deka® effectively
extracted dietary fiber from culinary banana bracts using
ultrasonic-assisted extraction. The yields for soluble, insoluble,
and total dietary fibers were reported at 4.65%, 78.7% g, and
83.9% respectively. In a separate study, the pulsed electric field
technique was utilized for the extraction of cellulose from the
fibers of the Mendong plant. The cellulose extracted using this
method exhibited a superior crystalline index relative to that
obtained through alkali extraction.'®® This technique enhanced
the crystallinity of the extracted cellulose by 83-86%. Food-
processing industries worldwide are actively seeking new ways

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and increase

Plant Stem Waste sustainability

Fig. 7 A summary of plant stem waste valorization.

to source dietary fiber from lesser-known plant resources,
aiming to incorporate it as a value-added healthy ingredient.”
Despite the recognition of plant stem waste as a valuable
resource, there has been a notable lack of comprehensive
research focused on the various dietary fiber extraction tech-
niques that could be utilized for its valorization. This research is
crucial as it offers a sustainable alternative to the common
practice of incinerating plant stems in agricultural fields, which
poses environmental concerns. Exploring innovative methods
for extracting dietary fiber not only has the potential to reduce
waste and promote sustainability but also opens up avenues for
developing new, healthy food products and industrial applica-
tions. By delving deeper into these techniques, we can better
harness the nutritional and functional benefits of plant fibers,
highlighting their significance in both food science and waste
management.'” A summary of plant stem waste valorization is
illustrated in Fig. 7.

6. Potential green extraction
techniques for plant stem dietary fiber
extraction

The utilization of green extraction techniques for isolating
dietary fiber from plant stems offers significant advantages over
conventional methods in terms of environmental sustainability,
efficiency, and product quality. Traditional extraction methods,
such as acid or alkaline hydrolysis and solvent-based tech-
niques, often involve the use of hazardous chemicals, extended
processing times, and high energy consumption, which may
lead to the degradation of bioactive components and dimin-
ished functional properties of the extracted fiber.'** In contrast,
green extraction technologies, including ultrasound-assisted
extraction (UAE), microwave-assisted extraction (MAE),
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enzyme-assisted extraction (EAE), and subcritical water extrac-
tion, enable higher extraction yields with reduced solvent usage,
shorter processing times, and lower energy requirements. These
methods effectively preserve the physicochemical and func-
tional properties of dietary fibers, such as water-holding
capacity, oil-binding capacity, and fermentability. They accom-
plish this by effectively removing lignin from highly lignified
plant stems and facilitating the conversion of insoluble dietary
fibers (IDF) to soluble dietary fibers (SDF). Such properties are
critical for their application as functional food ingredients.'*
Furthermore, green extraction technologies contribute to
circular economy principles by enabling the valorization of
underutilized agricultural residues like plant stems, thereby
reducing agro-industrial waste and environmental burden.
Given the growing consumer demand for clean-label and eco-
friendly products, integrating green extraction approaches is
essential for producing high-quality, sustainable dietary fiber
ingredients from plant stem biomass.'® Potential novel green
technologies for plant stem dietary fiber extraction are shown in
Table 2.

6.1 Subcritical water extraction (SWE)

Subcritical water extraction (SWE) uses hot pressurized water
(100-374 °C, under enough pressure to keep it liquid) to
hydrolyze plant material. At high temperatures, the dielectric
constant of water decreases, and it acts like a mild solvent for
polysaccharides.'™ SWE can break down cell walls and solubi-
lize hemicellulose and pectin without added chemicals.
Notably, SWE generates no toxic solvent waste and has fast heat
transfer. Yan et al.’® examined how subcritical water extraction
methods influence the physicochemical and functional prop-
erties of soluble dietary fibers extracted from wheat bran. In this
study, subcritical water extraction (SWE), SWE in aqueous citric

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Potential novel green technologies for plant stem dietary fiber extraction

Green extraction

technology Plant source Key observations References
Ultrasound extraction Garlic stem residue The IDF became more porous, while the WHC 123

increased from 7.38 to 9.72 g g ', resulting in

improved texture and functionality
Ultrasound-assisted Rice straw The IDF yield increased from 29% to 124
alkaline extraction approximately 37%, while ultrasound enhanced

both porosity and water affinity

Banana pseudostem Achieved approximately 99.5% pure cellulose 109

Ethanol/hot water Broccoli stalk

sequential extraction

Microwave-assisted
alkaline extraction

Sugarcane bagasse

Microwave-assisted
alkaline hydrolysis

Sugarcane bagasse/tops
Corn cob

Enzymatic extraction (EAE)

Alkaline pretreatment and
enzymatic hydrolysis

Chinese cabbage waste

Subcritical water extraction Rice straw

(SWE)

Subcritical (hot- Defatted corn hull
compressed) water

extraction

Pulsed electric field (PEF)
assisted alkali extraction

Banana pseudostem

acid (pH 5.0) (SWEC), and ultrasound-assisted SWEC (USWEC)
were used to extract soluble dietary fiber (SDF) from wheat bran.
Results revealed that SWE-based methods significantly influ-
enced the physicochemical, functional, and biological proper-
ties of the SDF. The USWEC treatment demonstrated a superior
soluble dietary fiber (SDF) yield of 46.3%, accompanied by
a high carbohydrate content of 82.9%. Additionally, this

© 2026 The Author(s). Published by the Royal Society of Chemistry

yield, consisting of insoluble fiber. The extracted

fiber exhibited increased crystallinity of about

68% and enhanced thermal stability

TDF yield - 68.9%, IDF yield around 54%, and 6
SDF is approximately 14.7%. WHC varies from 3.9
to 8.2 g g ', while OHC is approximately 4 g g %;
these properties show excellent swelling and
emulsification capabilities

Hemicellulose yield increased from 62.59% to
82.75%. Enhanced porosity and surface area were
confirmed by SEM and BET analysis, with
reduced NaOH usage. High molecular weight
hemicellulose was obtained

Microwaving at 600 W for 5 minutes during
NaOH treatment significantly enhanced lignin
removal compared to conventional alkaline
extraction

An increase in soluble dietary fiber (SDF) from
insoluble dietary fiber (IDF) also resulted in
enhanced total phenolic content and improved
antioxidant activity

Alcohol-insoluble fiber (AIF) from enzymatically
hydrolyzed Chinese cabbage waste significantly
reduced glucose diffusion and bile acid binding
compared to commercial fibers, highlighting its
potential as a sustainable functional dietary fiber
with hypoglycemic and hypolipidemic benefits
Cellulose content: 86.2%; water index: 80.1; yield:
46.2%; crystallinity: 67%; improved
thermostability. Supercritical water extraction
(SWE) at 180 °C produced purer, whiter, and
more crystalline cellulose compared to 160 °C,
making it a green alternative for high-quality fiber
extraction

At a temperature of 150 °C for 60 minutes, the
yield of the dry fraction (DF) is 33.0%, which
includes both insoluble and soluble components.
Increasing the temperature to 180 °C increases
the yield to approximately 56.9%. This
observation indicates that elevated temperatures
correlate positively with DF yield

The TDF is approximately 62.5%, showing
moderate enrichment of SDF. Additionally, PEF
enhances swelling capacity and improves the
retention of bioactive compounds

125

126

127

128

129

130

131

treatment results in a reduced weight-average molecular weight
of 65.2 kDa and a particle size of 1.17 um, which contribute to
a looser and more porous surface structure. In other work,
subcritical extraction of citrus peels successfully isolated pectin,
cellulose and hemicellulose from Citrus junos residue. Modi-
fying SWE by adding a weak acid and ultrasound can further
increase soluble fiber yield and antioxidant activity.'*®
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Important advantages of using this type of extraction are high
extraction efficiency, short processing time, and positive envi-
ronmental impact, without the residual organic solvents. The
high temperatures and pressures required for the process
necessitate the use of specialized equipment, specifically high-
pressure reactors, which can incur high costs. Furthermore,
thermal treatment may cause the degradation of certain fibers
or provoke Maillard reactions in the presence of sugars. Addi-
tionally, the harsh conditions associated with subcritical water
extraction (SWE) can compromise pectin quality by reducing its
methoxylation levels if not carefully regulated.

Subcritical water extraction (SWE) for fiber extraction
generally operates at technology readiness levels (TRL) 4-6 and
is not yet commonplace in industrial applications. The tech-
nology necessitates high-pressure vessels, heat exchangers, and
pumps, which are both expensive and complex. Additionally,
operating costs remain high due to significant energy require-
ments needed to heat water to near-critical temperatures, while
the process throughput is constrained by heat transfer rates.
Although water is the only solvent used, eliminating costs
associated with organic solvents, the overall energy costs are
substantial, leading to high energy consumption in SWE.'*

6.2 Ultrasound-assisted extraction (UAE)

Ultrasound employs high-frequency sound waves (usually 20-40
kHz) that propagate through the solvent, causing rapid
compression/expansion cycles and acoustic cavitation. Cavita-
tion bubbles form and collapse violently, generating microjets
that shear cell walls and improve mass transfer. This mechan-
ical effect disrupts plant matrices, releasing intracellular
contents. UAE can thus dramatically shorten the extraction time
and reduce solvent needs. Moreover, ultrasound treatment can
convert insoluble fiber into more soluble forms by breaking
down cellulose/hemicellulose complexes. A recent study
demonstrated that combining ultrasound with subcritical water
on wheat bran produced an SDF fraction with a small particle
size (1.17 pm) and a high yield (46.3%).'* Ultrasound is also
widely used as a pretreatment for agri food waste before
chemical or enzymatic extraction, leading to higher fiber
release. For instance, Rawat & Ghosh'*® optimized UAE of die-
tary fiber from bhimkol (Musa balbisiana) peel, an underutilized
banana cultivar waste. Using a central composite design, they
varied ultrasound time (20-60 min), solvent-to-solid ratio (30-
70 mL g~ ') and temperature (40-80 °C). The highest total die-
tary fiber yield reached 49.58 + 0.88% under optimal conditions
60 min, 30 mL g~ ', 40 °C. The extracted fiber was characterized
for physicochemical, functional, and thermal properties,
showing enhanced water- and oil-holding capacity, glucose
absorption, and thermal stability compared to control fiber
samples. A recent study on cellulose extraction from banana
pseudostem waste demonstrated the efficacy of ultrasound-
assisted extraction (UAE) on plant-stem waste. Utilizing
a focused ultrasound probe at 200 W and 26 kHz, combined
with maintaining a temperature of 40 °C, an alkaline treatment
with sodium hydroxide (NaOH) achieved up to 99.5% cellulose,
featuring a high crystallinity of 67.9%. This process resulted in
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improved thermal stability, exceeding that of commercial pine
and eucalyptus fibers. Scanning electron microscopy (SEM) and
thermogravimetric analysis (TGA) data corroborated the
significant role of ultrasound in enhancing both fiber
morphology and purity during recovery.'” A study on pulse
hulls (lentil, pea) reported that ultrasound treatment led to
a 6% increase in soluble dietary fiber yield compared to acid
hydrolysis alone. However, the insoluble dietary fiber fraction
was significantly reduced, shifting the total fiber composition
toward more soluble forms. This effect is attributed to
enhanced solvent penetration and cell disruption from cavita-
tion, facilitating partial release or solubilization of the poly-
saccharide component.™

UAE has advantages over conventional heating methods,
including lower energy consumption, shorter operating time,
reduced solvent volumes, and increased yields.'” Cavitation
effects can be uneven in large batches, making scale-up chal-
lenging. Power ultrasound can also generate radicals that
slightly degrade some compounds. Energy input per unit
volume can be high if processing thick slurries. In practice, the
UAE is best for slurries or liquids like juices and suspensions
rather than dry fibers."™

In practice, ultrasound-assisted extraction (UAE) for stem
biomass is currently at a pilot scale, with a technology readiness
level (TRL) of approximately 4 to 6. Capital costs are moderate
while operating costs remain low, as the process requires only
electricity and minimal amounts of solvent or water. UAE typi-
cally involves the use of a wet slurry of biomass. The energy
consumption is relatively low due to the efficient cavitation
process; in fact, sonication is recognized for its lower energy
requirements when compared to heating methods. UAE has
advantages over conventional heating methods, including lower
energy consumption, shorter operating time, reduced solvent
volumes, and increased yields.'*®

6.3 Microwave-assisted extraction (MAE)

Microwave frequencies range from 300 MHz to 300 GHz and
belong to non-ionizing radiation."** In the food matrix, micro-
waves produce heat due to their interactions with the cellular
compounds of a polar nature. The produced heat causes the
ionic conduction and rotation of dipoles.’®”'* Gan et al'"
evaluated the structural and functional modifications of
grapefruit peel SDF extracted using MAE alone and in combi-
nation with sodium hydroxide, enzymatic hydrolysis, and
ultrasound. Pure microwave treatment (PMT) increased SDF
yield from 3.62% to 7.94%. While modified MAE treatments
yielded even more. SDF yield 17.19% with microwave-sodium
hydroxide treatment, 9.13% with microwave enzymatic hydro-
lysis treatment, and 8.35% with microwave-ultrasound treat-
ment. MAE helped convert insoluble fiber (IDF) to SDF, likely by
rupturing the cell wall due to intracellular steam pressure and
rapid heating. Importantly, all MAE-modified fibers exhibited
enhanced molecular weight, surface porosity, and crystallinity.
Among them microwave-ultrasonic treated SDF demonstrated
the most pronounced improvements in functional properties,
including the highest water-holding capacity (11.39 g g™ ), oil-
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holding capacity (25.01 g g~ '), cholesterol adsorption capacity
(26.48 mg g™ ), glucose adsorption capacity (24.42 mg g~ '), and
nitrite ion adsorption capacity (219.43 pg g~ at pH 2). Scanning
electron microscopy (SEM) revealed that microwave-treated
samples had more porous, looser, and multi-layered struc-
tures. Additionally, microwave-ultrasonic-treated SDF exhibited
superior thermal stability and a broader monosaccharide
profile compared to other treatments and the highest average
molecular weight (614.1 kDa), indicating more effective solu-
bilization of polysaccharides. XRD and FT-IR analyses showed
that combined microwave treatments increased crystallinity
and altered glycosidic bonds. The advantages of microwave-
assisted extraction over conventional methods are the reduced
use of applied solvents, increased yields, shorter process time,
and a reduction in energy consumption.'” Microwave heating is
characterized by the uneven distribution of thermal energy,
which can result in the formation of hot spots. These hot spots
may lead to localized overheating or the caramelization of
sugars. Furthermore, non-polar solvent systems lack microwave
activity, resulting in poor heating efficiency under microwave
irradiation.

Microwave-assisted extraction demonstrates a TRL of
approximately 5-7 for dietary fiber recovery, with most appli-
cations remaining at laboratory or pilot scale. The technology
requires specialized microwave reactors, resulting in moderate
capital costs, while operating expenses are dominated by elec-
tricity usage. MAE offers relatively low overall energy
consumption due to rapid volumetric heating and shortened
processing times; however, energy efficiency can decline during
scale-up because of non-uniform heating. MAE is most effective
for wet or moisture-rich biomass, as water enhances microwave
absorption, whereas dry biomass often requires added moisture
to achieve efficient heating."**

6.4 Enzyme-assisted extraction (EAE)

Enzyme-assisted extraction methods utilize lower extraction
temperatures and higher pH values and are therefore consid-
ered a greener alternative to conventional methods. There are
two explanations for the enzyme-assisted extraction of poly-
saccharides: (i) the enzymes disrupt the cell walls and
membranes, and desirable compounds are thus liberated, and
(if) enzymes partially degrade polysaccharides."”® Enzymes
which are commonly used for the extraction of soluble dietary
fibers are cellulase, hemicellulose, protease, xylanase, pecti-
nase, and glucanase. Since combinations of enzymes may ach-
ieve higher yields, blends of different enzymes, customized for
particular cell wall type disruptions, can be bought.*¢

For example, combined use of cellulase with xylanase and
pectinase enhances disruption of cellulose, hemicellulose
pectin networks, leading to greater release of soluble dietary
fiber and improved modification of insoluble fractions, as
demonstrated in rice stalks,"” potato residue,''® cocoa bean
shells,"*® and sorghum stalks.*”® Even though EAE show prom-
ising improvements in fibre quality and functional properties,
quantitative dietary fibre yield is variable due to partial
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degradation of structural polysaccharides, processing condi-
tions and substrate variability.

Often, enzymatic extraction is coupled with mild heating or
assisted by ultrasound or microwave techniques to enhance
efficiency. For instance, Buljeta et al.’® used cellulase together
with microwave heating on apple pomace to obtain soluble
fiber. The net effect of EAE is usually to increase the yield of
soluble dietary fiber and improve its hydration properties,
because partial hydrolysis produces lower-MW fibers.

EAE is characterized by its gentle and highly specific nature,
allowing for the enhancement of both yield and purity of
desired fiber fractions under mild conditions. Furthermore,
EAE is considered environmentally friendly, as it utilizes
biodegradable reagents.

EAE for dietary fiber has reached an early stage of industrial
readiness, typically situated at TRL 4 to TRL 6, as it moves from
pilot-scale validation toward full commercial integration. From
an economic perspective, EAE is increasingly feasible when
integrated into a circular bioeconomy model where it valorizes
agricultural by-products, such as plant stem waste, into high-
value functional fiber fractions. While the high cost of
commercial enzymes remains a primary economic hurdle
compared to conventional methods like acid and alkaline-
assisted extractions, this is often offset by the superior
quality, purity, and functional properties of the extracted fiber,
which leads to a premium market price. Energy considerations
further support EAE adoption, as it operates under mild, non-
thermal conditions like 40 to 60 °C. This significantly reduces
the total energy footprint compared to high-temperature or
high-pressure conventional extractions, which often require
intensive heating. Moreover, as green extraction technology EAE
eliminates toxic chemical solvents, supporting global deca-
rbonization goals.'*®

6.5 Pulsed electric field assisted-extraction (PEF)

Pulsed electric fields use short bursts of high-voltage pulses
(micro- to milliseconds) to induce electroporation in plant cells.
The electric pulses create temporary pores in cell membranes,
greatly enhancing solvent penetration and release of intracel-
lular compounds.”™ Because PEF is non-thermal and rapid, it
can improve the extraction of polysaccharides without signifi-
cant heating. For instance, Fan et al.*** applied pulsed electric
field (PEF) treatment to orange peel and found that the yield of
soluble dietary fiber (SDF) more than doubled compared to
a control sample. The maximum SDF content was 0.238 g per
gram of dry peel with PEF treatment, while it was approximately
0.11 g g~ " without PEF. Moreover, this study indicated that the
optimal parameters of PEF assisted extraction SDF was
temperature of 45 °C with the electric field intensity of 6.0
kv em™", pulses number of 30, and time of 20 min and SDF
treated with PEF showed the higher water solubility, water-
holding and oil-holding capacity, swelling capacity, emulsi-
fying activity, emulsion stability, foam stability and higher
binding capacity for Pb**, As®*, Cu*’, and resulted from the
higher viscosity due to PEF treatment. Compared with the
untreated orange peel, the SDF obtained with PEF exhibited
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stronger antioxidant activities, which was due to its smaller
molecular weight (189 vs. 512 kDa). In addition, scanning
electron micrograph images demonstrated that the surface of
PEF-SDF was rough and collapsed.”" In another example, wheat
bran exposed to an induced electric field (500 V, 40 min)
increased its soluble fiber content from 7.69% to 12.02%. PEF is
a non-thermal process that preserves heat-sensitive fibers. It is
highly efficient, significantly increasing yield, and can be
applied at moderate temperatures. Additionally, it enhances
diffusion and extraction kinetics through cell disintegra-
tion."">'*° Pulsed electric field technology exhibits a TRL of 5-6
for fiber extraction. High-voltage equipment is quite expensive
and demands substantial energy consumption when operated
at a large scale. Moreover, excessive or prolonged pulsing can
lead to the degradation of certain polysaccharides, making it
crucial to optimize the operating conditions. In practice, pulsed
electric fields (PEF) are most effective with liquid or paste
matrices. Consequently, pre-processing solid materials like dry
stalk fibers may require hydration.***

6.6 Technical and economic comparison of potential green
extraction technologies for dietary fiber extraction

Across these green extraction technologies, capital cost, opera-
tional expenditure, energy demand, scalability, and technology
readiness levels (TRLs) vary considerably when specifically
assessed for dietary fiber extraction from plant stem biomass.
Capital investment is generally lowest for microwave-assisted
extraction (MAE),"*> which relies on relatively simple micro-
wave generators and pressure-resistant vessels, and moderate
for ultrasound-assisted extraction (UAE),*** as industrial ultra-
sonic reactors are commercially available and comparatively
affordable. Consequently, both MAE and UAE have reached
pilot-scale validation for dietary fiber extraction (TRL 5-6),"**
with several studies demonstrating reproducible yields and
functional improvements at kilogram-scale processing.
Enzyme-assisted extraction (EAE) requires only conventional
stirred tanks and mild processing conditions, resulting in low
capital expenditure.'*® However, its operational costs are high,
primarily due to enzyme procurement, limited reusability, and
longer processing times. For plant stem dietary fiber extraction,
EAE remains largely confined to laboratory and early pilot
demonstrations (TRL 4-5), as industrial-scale deployment is
constrained by high enzyme cost and batch variability.

In contrast, pulsed electric field (PEF) and subcritical water
extraction (SWE) exhibit the highest capital requirements,
owing to the need for high-voltage pulse generators and high-
pressure, high-temperature reactors, respectively. From a read-
iness standpoint, PEF is the most industrially mature tech-
nology, with established continuous-flow systems already
commercialized in the food industry. When adapted as
a pretreatment or intensification step for dietary fiber extraction
from stems, PEF can be reasonably assigned a TRL of 7-8,
reflecting near-industrial readiness. Conversely, SWE remains
at pilot scale (TRL 4-5) for dietary fiber extraction, as its high
energy demand, pressure constraints, and risk of
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polysaccharide degradation have so far limited large-scale food-
grade implementation.**

With respect to operational costs, UAE, MAE, and PEF are
economically favorable, as they primarily consume electricity and
water and avoid expensive chemical reagents. These methods
also offer cost-saving advantages through reduced extraction
time and lower solvent consumption, improving process
throughput. PEF, in particular, has demonstrated lower net
energy consumption compared with conventional thermal
treatments, due to its non-thermal, short-pulse operation. In
contrast, SWE incurs high operating costs because of continuous
heating to subcritical temperatures, while EAE remains cost-
intensive due to enzyme usage despite its low energy input.'*

From an energy-demand perspective, UAE, MAE, and PEF
can be classified as low-energy technologies, as they rely on
efficient energy transfer mechanisms like acoustic cavitation,
volumetric microwave heating, and short electrical pulses. EAE
exhibits moderate energy demand, mainly for controlled heat-
ing and agitation, whereas SWE is clearly energy-intensive,
requiring sustained thermal input at elevated pressures.
When evaluating TRL alongside economic and energy criteria,
PEF currently demonstrates the highest level of industrial
readiness. In contrast, UAE and MAE emerge as the most
balanced options for near-term scale-up, owing to their
moderate costs, low energy requirements, and TRL 5-6 matu-
rity. While EAE and SWE are environmentally appealing, they
are not yet as industrially prepared for large-scale dietary fiber
extraction from plant stems and need further techno-economic
optimization before they can be commercialized.*®”

7. Functional properties of plant stem
dietary fiber

Plant stems and cores are often discarded during harvesting
and food processing and are emerging as valuable sources of
dietary fiber with promising functional and bioactive
compounds. Dietary fibers isolated from plant stems generally
exhibit high water-holding capacity (WHC), reflecting their
utility in increasing the moisture and bulk of food matrices.
WHC arises from adsorption of water by hydrophilic poly-
saccharide chains and the entrapment of water within porous
fiber networks. For instance, a study indicate that sugarcane
bagasse fiber retains about 1.87 g water per g fiber.*® Banana
pseudostem fibers typically exhibit WHC values in the range of
3.9-7.2 g g ', attributed to their porous structure and high
accessible polysaccharide content.® Isolated broccoli stalk
fiber fractions have moderate WHC (3.9-8.2 g g '), consistent
with balanced cellulose and pectic compositions that support
water adsorption and swelling.® In contrast, cellulose-rich
fractions from sorghum stalks demonstrate exceptionally high
WHC (22.8-35.3 g g 1), reflecting extensive fibrillation and high
surface area after processing.'”® These differences arise from
variations in cellulose and hemicellulose, lignin, and pectin
contents that determine the number of hydrophilic sites and
network porosity.
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However, research studies show that fiber different extraction
methods have the potential to increase the water-holding
capacity. For example, alkaline-treated sugarcane bagasse fiber
retained about 3.02 g water per g fiber compared to 1.87 g g~ ' in
untreated bagasse,'* indicating that fiber treatments can nearly
double WHC. Still, plant stem fibers typically hold several times
their weight in water, contributing to texture and satiety benefits
in food applications.

Oil-holding capacity (OHC) measures the ability to absorb
lipids by fiber, and it varies with fiber surface's hydrophobicity
and porosity. A study on the isolated fiber fraction of banana
pseudostems revealed a high oil holding capacity of approxi-
mately 9.3 g of oil per gram of fiber."** However, the fiber
extraction method also affects the oil holding capacity, and
there is a significant difference between raw and processed or
treated fiber fractions. For instance, alkaline-treated sugarcane
bagasse fiber showed moderate OHC. In one study, raw sugar-
cane fiber bound 4.83 mL oil per g, while the alkaline-treated
form bound 2.67 mL g . Moreover, according to Zhou
et al.,"** fermentation of corn cob dietary fiber using Aspergillus
niger significantly enhances its OHC. Specifically, the OHC of
unfermented corn cob soluble dietary fiber was reported as
5.10 g g ', while after fermentation, the OHC increased mark-
edly to 6.97 g g~ '. In general, fibers with greater surface area
and hydrophobic sites absorb more oil. High OHC is techno-
logically useful for bakery products because it can improve
mouthfeel and act as a fat replacer."*

Glucose adsorption capacity (GAC) is a functional property of
dietary fiber that describes its ability to bind free glucose
molecules from a surrounding solution. It is typically measured
as the amount of glucose adsorbed per gram of fiber under
controlled conditions, often mimicking the human gastroin-
testinal environment (e.g., pH 6-7, 37 °C).*** However, glucose
adsorption capacity values depend on fiber structure. Many
insoluble fibers bind only small amounts, whereas some highly
porous fibers bind better. For example, a study of banana
pseudostem dietary fiber reported a GAC of 82.75 mg glucose
per g fiber, significantly higher than that of purified cellulose,
which had 64.21 mg g~' of GAC. This indicates that banana
stem fiber can adsorb free glucose effectively. Additionally,
extraction techniques influence the glucose adsorption capacity
(GAC), promoting a more porous structure. A study on the
fermentation of corn cob soluble dietary fiber (SDF) by A. niger
demonstrated a significant enhancement in GAC, achieving
a value of 2635.57 pmol g~ ', which represents an increase of
23.78% compared to the unfermented corn cob SDF, which
measured 2129.18 pmol g~'.1*> High GAC is desirable for
lowering the glycemic impact of foods, as it slows the diffusion
and uptake of sugars.

The solubility index and swelling power of dietary fiber affect
its hydration behavior. These properties are typically deter-
mined by the composition of fiber, including pectin content,
degree of polymerization and particle size. As an illustration,
banana pseudostem fiber showed a swelling capacity of about
15.8 mL water per g fiber and a water solubility of 13.2%,
reflecting moderate swelling and low solubility.** Fibers with
higher pectin content demonstrate significantly increased
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solubility. For instance, pineapple core powders show remark-
able water solubility, quantified at approximately 60-70%.*
One study revealed that sugarcane bagasse has a relatively low
swelling power of about 0.35%, which is due to its dense and
lignified structure that limits water absorption. However, after
treating the bagasse with a 0.1 N sodium hydroxide (NaOH)
solution, the swelling power increased significantly to 0.99%.
This indicates that mild alkaline treatment effectively disrupts
the lignin—-carbohydrate complex, making cellulose and hemi-
cellulose more accessible for water interaction and hydration.?
Plant stem fibers are not just leftovers from food production,
and they are remarkable sources of dietary benefits that
enhance day-to-day meals and contribute positively to human
health.

8. Health benefits of plant stem
dietary fiber

In this context, we examine recent findings on stem-derived
fibers, especially from broccoli, cauliflower, banana, pine-
apple, and sugarcane, focusing on their prebiotic effects,
functional-food applications, interactions with minerals/
phytochemicals, and impacts on antioxidant and metabolic
health.

8.1 Prebiotic effects and gut microbiota modulation

Stem fibers function as non-digestible substrates for colonic
microbiota, leading to the production of short-chain fatty acids
(SCFAs), including acetate, propionate, and butyrate. This
fermentation process selectively promotes the growth of bene-
ficial microbial populations such as Bifidobacterium, Lactoba-
cillus, Faecalibacterium, and Roseburia. These SCFAs are crucial
for maintaining gut health and have been linked to various
positive physiological effects, including anti-inflammatory
properties and improved intestinal barrier function.'*® In
a human intervention trial, Chong et al.'*” found that green
banana pseudostem powder increased seven beneficial species,
including Faecalibacterium prausnitzii, Bifidobacterium longum,
B. bifidum, B. adolescentis, Ruminococcus inulinivorans, etc., while
pineapple stem fiber powder enriched six species like Bacter-
oides ovatus, B. intestinalis, R. inulinivorans. Similarly, the levels
of short-chain fatty acids (SCFAs) in participants were signifi-
cantly enhanced. Both supplements improved SCFA produc-
tion, metabolism and bowel function. Such findings underscore
the importance of dietary fibers in influencing gut microbiota
and their metabolic byproducts.**’

In vitro fermentations further confirm these effects, and
a study reported that pineapple stem boosted faecal growth of
Lactobacilli and Bifidobacteria and yielded high acetate, propi-
onate and butyrate levels.**®* Campos et al.*** demonstrated that
pineapple by-product flours promote overall gut fermentation
and release phenolics into the lumen, thereby creating an
antioxidant environment. Broccoli stalk fiber fractions are
known to possess prebiotic properties. Nufiez-Gomez et al.®
isolated insoluble fiber from broccoli stalks, which is particu-
larly rich in uronic acids. Following a 48-hour fermentation with
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human faecal samples, their study found that this isolated fiber
produced a significantly higher total yield of short-chain fatty
acids (SCFAs) compared to freeze-dried whole broccoli stalks.
This was attributed to the greater presence of uronic acid, the
main component of pectin and polyphenol content in the
insoluble broccoli stalk fiber fractions.®

Sugarcane-derived dietary fibers have been shown to modu-
late the gut microbiota and enhance the production of benefi-
cial microbial metabolites. Gamage et al.**° utilized an in vitro
gut fermentation model to compare sugarcane stem fiber with
other dietary supplements. The study revealed that sugarcane
fibre induced specific increases in short-chain fatty acids
(SCFAs), which were positively correlated with the proliferation
of bacteria that produce SCFAs. In a complementary in vivo
study, Pelpolage et al.**®* administered a soluble fraction of
sugarcane bagasse fiber (BSF) to rats and observed a significant
elevation in cecal acetate and total SCFA concentrations
compared to controls. BSF supplementation also promoted the
abundance of health-associated bacterial genera such as Bi-
fidobacterium, Blautia, Akkermansia, and Roseburia. Remarkably,
the SCFA profile in BSF-fed rats was comparable to that
observed with commercial xylo-oligosaccharide supplementa-
tion. Furthermore, BSF intake enhanced markers of gut barrier
integrity, including elevated levels of mucin and immunoglob-
ulin A (IgA), indicating improved intestinal health.*®* Recent
research findings underscore a notable trend in commercial
fiber products. For example, an in vitro study demonstrated that
the combination of a dried sugarcane-stem fiber supplement
with wheat dextrin and psyllium significantly increased levels of
beneficial short-chain fatty acids, specifically acetate, propio-
nate, and butyrate. This suggests a compelling synergy among
these fibers, highlighting their potential to effectively enhance
gut health."*

SCFAs, mainly acetate, propionate, and butyrate, are
produced by microbial fermentation and are known to be
crucial for maintaining host health. These metabolites serve as
energy sources and signaling molecules that strengthen the
intestinal barrier and control immunity. By activating G-
protein-coupled receptors (GPR41, GPR43, and GPR109A) on
immune cells, SCFAs function as essential signaling molecules
that enhance anti-inflammatory mediators, suppress pro-
inflammatory cytokines, and promote regulatory T cell differ-
entiation. In the gastrointestinal tract, butyrate serves as the
main energy source for colonocytes and strengthens epithelial
integrity by upregulating tight junction proteins, stimulating
mucus secretion, and inducing antimicrobial peptide produc-
tion, collectively reducing gut permeability and pathogen
translocation. Additionally, SCFAs decrease luminal pH and
promote mucus production, which inhibits pathogens and
lessens inflammation. As a result, SCFAs connect fiber
consumption to immunological and metabolic advantages by
lowering inflammation and maintaining intestinal barrier
function.

Moreover, SCFAs regulate insulin metabolism through
several pathways: propionate stimulates intestinal gluconeo-
genesis and enhances insulin sensitivity, acetate modulates the
release of incretin hormones such as GLP-1 and PYY, and
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butyrate improves pancreatic B-cell function while also sup-
porting insulin sensitivity, lipid metabolism, and even distant
tissues epigenetic regulation.” Major SCFAs acetate and
propionate affect glucose and lipid metabolism in part by acti-
vating the sympathetic nervous system (SNS). The exact mech-
anisms are complex and encompass interactions with particular
cellular receptors, hormone release, and the gut-brain axis.***
When it comes to systemic metabolic regulations, acetate
reduces food intake by modulating hypothalamic neurons after
crossing the blood-brain barrier. SCFAs support metabolic
homeostasis throughout the body by promoting mitochondrial
function, energy expenditure, and thermogenesis through the
activation of the AMPK and PPAR pathways. SCFAs are the
biochemical bridge between dietary fibers from plant stems and
systemic health. They not only fuel colonocytes but also train
the immune system, seal the gut barrier, fine-tune hormone
release, and reprogram metabolism toward efficiency and
resilience. Therefore, stem-derived fibers that produce abun-
dant SCFAs can be positioned as powerful functional food
ingredients.”® A schematic diagram of the prebiotic effect of
stem-derived dietary fiber and SCFAs production is illustrated
in Fig. 8.

8.2 Bioavailability and phytochemical interactions

One of the major health advantages linked to dietary fibers
derived from plant stems is increased nutrient bioavailability.
Minerals such as calcium, magnesium, and iron can be bound
by soluble fractions of these fibers, especially pectin and
hemicelluloses, in the gastrointestinal tract. This can delay the
precipitation of these minerals and allow for a gradual release,
which enhances absorption in the small intestine. To mitigate
deficiencies commonly associated with plant-based diets, for
instance, dietary fiber derived from sugarcane bagasse has been
shown to improve intestinal uptake of iron through its chelating
and slow-release properties. Similar to this, broccoli stems,
which are high in soluble fibers and pectic polysaccharides,
have shown that they can increase calcium bioavailability by
preserving mineral solubility at intestinal pH levels. Beyond
minerals, stem fibers also modulate the bio accessibility of
polyphenols and other phytonutrients by delaying gastric
emptying and extending the residence time of digesta in the
upper gastrointestinal tract.'® A study revealed that native
banana pseudo-stem flour (Musa spp.) contains elevated levels
of total dietary fiber, polyphenols, and flavonoids, surpassing
those found in its tender core, and concurrently demonstrates
stronger antioxidant and radical-scavenging activity.'**
However, the fiber matrix can modulate their release and
absorption. For example, broccoli stalk fibers contain 100 mg/
100 g of glucosinolates and polyphenols 75 mg/100 g by dry
weight.® D. Campos et al'® investigated the behavior of
phenolic compounds in pineapple flours, noting that these
compounds are predominantly bound within cell walls and can
be liberated during fermentation. The study demonstrated that
the digestion of pineapple fiber facilitates a substantial release
of phenolic compounds into the colon, thereby augmenting
local antioxidant capacity. It outlined that stem fibers may serve
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Fig. 8 Schematic diagram of the prebiotic effect of stem-derived dietary fiber and SCFAs production.

as effective carriers for antioxidants. Moreover, interactions
with specific phytochemicals are notable in Brassica crops. A
study on isolated dietary fiber fractions from broccoli and
cauliflower stems reported the ability to trap glucosinolates and
flavonoids.® Insoluble broccoli fiber is rich in uronic acid and
has a higher concentration of glucosinolates. When fermented
by gut bacteria, these glucosinolates can be transformed into
isothiocyanates, which possess anticancer properties. Although
the stem fiber does not create new compounds, its structural
matrix can affect the rate and site of release for these bioactive
substances within the gut. Conversely, dietary fiber has the
potential to chelate minerals, thereby decreasing their absorp-
tion within the small intestine. The research regarding broccoli
suggests that fiber may influence the bioavailability of minerals
and phenolic compounds, as these substances are bound to the
fiber matrix. Consequently, certain minerals such as calcium
and iron and phytochemicals present in the stems may remain
partially shielded until they reach colonic fermentation.*®

8.3 Lowering the glycemic index (GI) of foods

Incorporating plant stem fibers into foods typically lowers their
glycemic index and attenuates post-meal glucose spikes. The
high fiber content slows starch hydrolysis and delays glucose
absorption. For example, experimental diets containing banana
pseudostem were found to have a low GI in animal studies."*
Bhaskar et al.”® reported that banana pseudostem dietary fiber
has low glycemic index. More broadly, fibers increase the
viscosity of the intestinal contents and can form gel-like
matrices, thereby blunting the rate of sugar diffusion. Studies
incorporating banana pseudostem flour into staples like
noodles and biscuits reveal a notable increase in total dietary
fiber and a corresponding drop in GI. For example, fiber-

© 2026 The Author(s). Published by the Royal Society of Chemistry

enriched noodles made with banana pseudostem showed an
in vitro glycemic index (GI) reduction from the medium range
50-75 to the low-GI category, along with an increase in fiber
content from approximately 3.3% to 4.7%.'° Sugarcane
bagasse, traditionally a waste product from sugar processing, is
rich in insoluble fiber (cellulose, hemicellulose, lignin) and has
been successfully leveraged in baked goods. Fortified biscuits
and noodles enriched with bagasse demonstrated higher fiber
content and predicted lower GI responses, suggesting suitability
for diabetic diets.*>**”

9. Key trade — offs in utilization plant
stem waste as dietary fiber source for
food applications

Plant stem wastes exhibit wide variability in dietary fiber
composition and physicochemical behavior, giving rise to
multiple interrelated trade-offs that ultimately determine their
suitability for food applications. While high fiber yield is often
emphasized, functional performance in foods and physiological
relevance depend on a careful balance between fiber composi-
tion, extractability, hydration behavior, fermentability, and
processing-induced changes. A primary trade-off exists between
total dietary fiber (TDF) content and fermentability. Several
stem residues, such as corn stalks, corn cobs, sugarcane
bagasse, and sorghum stalks, contain exceptionally high TDF
levels as discussed earlier. However, this fiber is predominantly
composed insoluble dietary fiber embedded within lignin-rich
cell walls. Lignin, which may account for 10-30% of stem
biomass, is non-fermentable and entirely insoluble, conferring
bulking capacity and structural rigidity but substantially
limiting microbial fermentation and short-chain fatty acid
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(SCFA) production in the colon.”® For example, sugarcane
bagasse and corn stalks have very high TDF values that
frequently reflect a largely insoluble, low-fermentability fiber
matrix. Highly lignified stems offer mechanical stability and
thermal resistance, but require harsh processing to achieve
food-grade functionality.*>**

In contrast, stems with moderately high fiber content but
lower lignin levels, such as banana pseudostem,”® water
hyacinth,*” and Brassica stalks,® exhibit mixed and balanced
polysaccharide profiles comprising cellulose, hemicellulose,
and pectic substances. These mixed matrices offer a more
favorable balance between bulking effects and fermentability,
supporting both water retention and microbial utilization,
despite slightly lower overall TDF levels.

A second critical trade-off concerns extraction yield versus
functional quality. Importantly, this trade off not solely depend
on the botanical origin and structural characteristics of the
stem waste, but is strongly influenced by depend on extraction
method. Aggressive extraction methods, including strong acids,
alkali and high-intensity physical treatments, can achieve very
high fiber recovery and may yield nearly pure cellulose.
However, such fibers are highly crystalline, entirely insoluble,
and exhibit limited swelling, viscosity, and fermentability."** In
contrast, milder extraction approaches that preserve hemi-
cellulose and pectin fractions, although resulting in lower mass
yield, retain hydrophilic and gel-forming components that
significantly enhance water-holding capacity, fermentability,
and physiological functionality.*** Thus, maximizing yield often
occurs at the expense of functional performance relevant to
food applications. The balance between insoluble dietary fiber
(IDF) and soluble dietary fiber (SDF) further governs hydration
behavior and fermentation kinetics. Insoluble-dominant fibers
form porous structures with high water-holding capacity and
strong bulking effects but ferment slowly, whereas SDF-rich
fibers contribute viscosity, gel formation, and rapid microbial
fermentation. For example, sugarcane stem bagasse and corn
cob fibers are overwhelmingly insoluble and function primarily
as bulking agents, while Brassica stems and banana pseudo-
stem contain sufficient soluble fractions to support both
hydration and prebiotic activity.'**

Beyond composition, particle size reduction introduces an
additional trade-off between technological performance and
physiological functionality. While fine milling improves di-
spersibility and mouthfeel in food systems, excessively small
particles may reduce bulking effects and diminish stimulation
of intestinal motility. Evidence suggests that coarse insoluble
fibers are more effective at increasing faecal bulk and modu-
lating gastrointestinal transit than finely ground fibers, even
when chemical composition is similar. Thus, particle size
optimization must balance processability with physiological
efficacy. However, all these factors can be varied according to
the cultivar type and maturity stage, which also affect fiber
extractability and functionality.'®*

When these trade-offs are critically evaluated, banana
pseudostem, Brassica stems and water hyacinth emerge as the
most promising stem wastes for multifunctional food-grade
dietary fiber applications. Pineapple stem fiber represents
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a moderately promising alternative, particularly suited for
bulking and texture-modifying roles, owing to its high insoluble
fiber content and moderate hydration capacity. However, its
limited soluble fiber fraction restricts fermentability and
prebiotic functionality unless further modification is applied.
In contrast, highly lignified residues such as sugarcane bagasse,
corn stalks and sorghum, are primarily suited for bulking
applications rather than multifunctional dietary fiber use.

10. Applications of plant stem dietary
fiber in the food industry

Significant amounts of industrial waste and by-products
generated during food processing remain underutilized,
contributing to considerable environmental pollution. Specific
food products can serve as valuable sources of dietary fiber,
which not only aids in reducing pollution but also enhances
nutritional value.”® While earlier sections of this review have
identified important trade-offs between fiber composition,
extraction severity, and functional performance, existing food
application studies demonstrate that a wide range of stem-
derived fibers can be successfully integrated into food
matrices when formulation level, particle size, and processing
conditions are appropriately optimized.

Researchers are currently incorporating fibers derived from
plant stems into foods and supplements to enhance their
nutritional value. One notable application of these stem-derived
dietary fibers is in the production of fiber-fortified baked goods.
This approach aims to improve the nutritional quality of various
food products. For instance, sugarcane bagasse fiber has been
added to bakery and pasta products. Confocal microscopy
studies show that adding ~5-8% bagasse fiber (w/w) to chapatti
(Indian flatbread) or noodles is feasible: chapattis with 8% SCB
displayed integrated fiber networks and maintained microbial
safety.”® Similarly, banana pseudostem flour has been tested in
bread: incorporation up to 10% (g/100 g flour) raises fiber
content but can alter loaf volume and color.**® Corn cob fiber
powder, derived from corn cob residues, has been investigated
for its incorporation into a variety of food products. Sweet corn
cob flour (SCCF) has been used as a partial substitute for rice
flour in gluten-free muffins, resulting in products with
improved volume, texture, and sensory properties. A study
revealed that up to 20% substitution with SCCF enhanced the
total dietary fiber content of muffins while maintaining
consumer acceptability.’® Nevertheless, higher substitution
levels negatively affected the dough rheology and bread texture,
emphasizing the importance of balance between functionality
and sensory quality. While most research has focused on corn
cob applications, studies on the use of corn stalk or stem fiber
in food products remain limited. However, due to the similar
lignocellulosic composition of corn stalks, primarily composed
of cellulose, hemicellulose, and lignin, these materials also
present a promising source of insoluble dietary fiber. Further
investigations into stalk fiber incorporation could potentially
expand the scope of functional food development from corn
agricultural residues.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Applications of plant stem dietary fiber in the food industry
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Plant source

Waste type

Food application

Reference

Sugarcane

Banana

Pineapple

Sweet corn

Bamboo

Amaranth

Stem bagasse

Pseudostem

Stem

Stem and

cobs

Shoots

Stems

Sugarcane stem bagasse (SB) dietary fiber incorporated into noodles. In
this research, SB was incorporated into the development of noodles at
three different ratios 5%, 10% and 15%. Total dietary fibre of noodles
significantly increased from 3.39% to 13.85% with 15% SB incorporation
Sugarcane stem bagasse dietary fiber incorporated into bread dough.
The substitution of dietary fiber from sugarcane bagasse varied from 0 to
15 g/100 g of wheat flour mass

Dietary cookies made with wheat flour and sugarcane bagasse fiber had
good texture, color and mouthfeel; consumer panels rated bagasse-
enriched cookies and biscuits highly

Banana pseudostem substitution in wheat flour biscuits. 10% banana-
pseudostem flour showed much higher ash, protein, fiber and
antioxidant phenolics and had comparable taste and texture to regular
biscuits

Functional juice developed from banana pseudostem by enzymatically
converting sap from banana trunk/stalk, and found rich in nondigestible
oligosaccharides and rare sugars. This juice leverages the high cellulosic
content of the banana pseudostem to yield prebiotic fiber and low-cal
sweeteners in a drink

Fiber enrichment in noodles using banana pseudo-stem (Musa
paradisiaca) tender core (BPP) fibrous powder. BPP was incorporated at
different levels, 5, 10 and 15% in which 5% was found to be the best
based on cooking characteristics and sensory evaluation

Prebiotic fiber supplement significantly increased gut Bifidobacteria and
SCFA production, improving bowel regularity and reducing constipation
symptoms. Thus, pineapple fiber powders act as prebiotic fiber
supplements

Sweet corn cobs fibrous flour incorporated gluten-free muffins - study
revealed that treatment: 25% of corn cob flour and 75% wheat flour with
a specific proportion of sweet corn cob flour, received the highest ratings
from the sensory evaluation

Incorporating bamboo shoot fiber into gluten-free/low-carb bread.
Bamboo fiber was introduced to the bread recipe in proportions ranging
from 0 to 10%. The results showed that adding from 4 to 6% bamboo
fiber to the control bread resulted in a slight rise of around 3% in
volume. The incorporation of the fiber had the greatest impact on the
textural parameters. Bamboo fiber incorporated bread had very low
carbohydrate content (15.3%), it was also characterized by a high fiber
content (12.2%) and a low caloric value (176.7 kcal/100 g)
Incorporating bamboo shoots dietary fiber to milk pudding (cooked
milk gel) increased the product's yield stress, viscosity and hardness (up
to an optimum fiber level), producing a firmer, more elastic pudding
Bamboo shoots fortified yoghurt - yoghurt with 1.0% bamboo shoot
powder was found to be the best among the treatments with appearance,
texture, aroma, taste and overall acceptability

Reduced-salt, phosphate-free Bologna sausage was made with 2.5-5.0%
added bamboo fiber. The fiber-filled sausages had higher emulsion
stability and firmer bite, developing a denser protein network
Incorporating amaranth as a bread-enriching ingredient. The
incorporation of amaranth flour into bread and related bakery
formulations significantly enhances their functional and biological
value. Experimental results indicate improvements in the nutritional
content, antioxidant capacity, and digestibility of the final products. The
use of amaranth flour has a positive influence on technological
properties, such as dough stability, moisture retention, and shelf-life
extension

39

40

88

168

169

147

164

170

171

172

173

174

In addition, many researchers have fortified fiber supple-
ments and powders with stem dietary fiber. Munir et al. (2024)
studied green banana pseudostem powder and pineapple stem
fiber powder as nutrition supplements. Such supplements can

© 2026 The Author(s). Published by the Royal Society of Chemistry

deliver resistant starch and fiber with minimal dietary
change.** Likewise, commercial products (e.g., inulin powders,
resistant starch) are analogous to stem fiber supplements. As
evidence of functionality, adding banana pseudostem fiber to
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meat formulations increased water-holding capacity and anti-
oxidant stability,'*® suggesting its use as a texturizer and natural
antioxidant. In traditional Southeast Asian confectionery, corn
cob powder (CCP) has been employed to enrich fiber content.
For example, Kumar et al.**” incorporated CCP into Kuih Kaswi,
a local dessert, at varying levels between 5% and 25%. The study
reported that formulations with up to 15% CCP maintained
favorable physicochemical properties and sensory acceptability.
The inclusion of CCP contributed to a significant increase in
crude fiber content, demonstrating its potential as a functional
additive in traditional food matrices. However, there is limited
research that has been conducted on plant stem-derived fiber
and its incorporation into food applications. Despite the rich
potential that lies within the fibers extracted from plant stems,
research exploring their incorporation into food applications
remains scarce. This limited investigation creates an opportu-
nity for further academic inquiry into the potential benefits and
functional properties of these fibers within the realm of food
science and nutrition. Applications of plant stem dietary fiber in
the food industry are summarized in Table 3.

11. Challenges and opportunities

Many plant stem wastes are high in dietary fiber, but turning
them into food-grade ingredients faces various technological,
biological, and knowledge-based challenges beyond just
composition. A significant challenge arises from the structural
recalcitrance of lignocellulosic matrices, which hinders effec-
tive fiber modification and limits the conversion of insoluble
fractions into physiologically relevant, fermentable forms
without extensive processing. Although this recalcitrance
provides stability during food processing, it complicates the
creation of multifunctional fibers with predictable physiological
outcomes.

From a processing perspective, scalability and process inte-
gration remain critical bottlenecks. Although green extraction
technologies such as UAE, MAE, SWE, and PEF have demon-
strated promising improvements in fiber accessibility and
functionality at laboratory scale, their industrial readiness,
energy efficiency, and economic feasibility for large-volume
stem waste streams remain insufficiently validated. The
absence of standardized performance benchmarks and techno-
economic assessments further hinders industrial adoption.'”

Another key challenge with stem-derived feedstocks is their
inherent variability due to seasonal availability, botanical
diversity, agronomic practices, and processing methods. This
heterogeneity in fiber composition complicates ingredient
standardization and consistent performance in food formula-
tions, requiring advanced characterization, blending strategies,
or adaptive processing for reproducible functionality.'”® Bio-
logical evidence gaps remain significant. The current under-
standing of stem-derived dietary fibers mainly relies on
compositional analysis and in vitro studies, while in vivo data on
fermentability, dose-response, gastrointestinal tolerance, and
long-term effects are limited. This lack of physiological valida-
tion hinders regulatory confidence and slows the transition
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from promising raw materials to validated functional
ingredients.

These challenges also present notable opportunities for
innovation. Targeted approaches for structural modification,
such as controlled delignification, selective depolymerization,
and the conversion of insoluble dietary fiber (IDF) to soluble
dietary fiber (SDF), offer paths to customize fiber functionality
without causing excessive degradation. Hybrid processing
strategies that combine mechanical, enzymatic, and mild
physicochemical treatments may help preserve the complexity
of functional polysaccharides while enhancing their ferment-
ability. Additionally, advancements in microbiome science and
structure-function modeling create new chances to design
application-specific stem-derived fibers that align with specific
physiological outcomes. Collectively, continued advancements
in green processing technologies, along with a better under-
standing of fiber-microbiota interactions and standardized
evaluation frameworks, can facilitate the development of high-
value, food-grade dietary fiber ingredients from plant stem
wastes. This supports sustainable food systems and the objec-
tives of a circular bioeconomy.

12. Conclusion

Plant stem waste represents a major yet underexploited fraction
of agri-food biomass with significant potential as a dietary fiber
source for novel food applications. This review highlights the
potential of plant stem waste, an underutilized by-product of
the agri-food sector, as a source of dietary fiber for new food
applications. It emphasizes that the suitability of stem wastes
for food depends not only on total fiber content but also on the
interplay of anatomical structure, fiber composition, extract-
ability, functional performance, and technological feasibility.
Stems with lower lignification and higher parenchymatous
tissue content, particularly banana pseudostem, pineapple
stem and core, and water hyacinth stem, emerge as the most
promising candidates for food-grade dietary fiber production
due to their balanced soluble and insoluble fiber profiles,
superior extractability, and favorable hydration and ferment-
ability characteristics. Among these, banana pseudostem
stands out owing to its abundance, relatively mild processing
requirements, and demonstrated applicability in food formu-
lations. In contrast, highly lignified stem wastes such as
sugarcane bagasse, corn cobs, and sorghum stalks, despite their
high fiber content, present significant barriers to food use and
are more suitably directed toward non-food or hybrid valoriza-
tion pathways. Moderately lignified stems, including Brassica
and amaranth stems, offer selective opportunities for food
applications but require targeted processing and formulation
strategies. Also, this review highlights that green extraction
methods such as UAE, MAE and EAE particularly well suited to
low and moderately lignified stems, enabling improved fiber
recovery while preserving functional properties. In contrast,
highly lignified stem residues such as sugarcane bagasse, corn
cobs, and sorghum stalks exhibit limited direct suitability for
food applications due to poor extractability and reduced fer-
mentability. However, these materials need not be excluded

© 2026 The Author(s). Published by the Royal Society of Chemistry
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from food systems; instead, they may be strategically valorized
through targeted delignification and controlled conversion of
insoluble dietary fiber into soluble fractions using chemical,
enzymatic, or physicochemical treatments. When coupled with
appropriate green extraction technologies, particularly UAE,
MAE, and EAE, such approaches may enhance fiber recovery
and functional performance. Nevertheless, their practical
implementation will depend on process efficiency, cost-
effectiveness, and regulatory compliance, highlighting the
need for further techno-economic and safety evaluations.
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