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Abstract: Lignocellulosic wastes, primarily from agricultural by-products, are a renewable resource
increasingly used in the sustainable production of oligosaccharides, significantly contributing to
the growing bioeconomy. This innovative utilization of biological resources aligns with the global
shift towards sustainable development, focusing on creating products such as food, feed, and bioen-
ergy from renewable sources. Oligosaccharides, specialized carbohydrates, are synthesized either
chemically or more eco-friendly, biologically. Biological synthesis often involves enzymes or whole-
cell systems to transform lignocellulosic wastes into these valuable sugars. As functional food
supplements, oligosaccharides play a crucial role in human and animal health. They serve as prebi-
otics, indigestible components that promote the proliferation of beneficial gut microbiota, especially
within the colon. This positive impact on gut flora is essential for boosting the immune system
and regulating physiological functions. Important prebiotics, including galactooligosaccharides
(GOS), xylooligosaccharides (XOS), fructooligosaccharides (FOS), mannan-oligosaccharides (MOS),
and isomaltooligosaccharides (IMOS), are produced through methods involving enzymes or the
use of whole cells, with agricultural waste as substrates. Recent advancements focus on refining
these biological processes for oligosaccharide synthesis using lignocellulosic substrates, emphasizing
the principles of a circular bioeconomy, which promotes resource reuse and recycling. This review
highlights the potential and challenges in the biological synthesis of oligosaccharides from renewable
resources. It underscores the need for innovation in process optimization and commercialization
strategies to fully exploit lignocellulosic wastes. This approach not only contributes to sustainable
product development, but also opens new avenues for the profitable and environmentally friendly
utilization of agricultural residues, marking a significant step forward in the bio-based industry.

Keywords: agricultural by-products; prebiotics; lignocellulosic wastes

1. Introduction

Recently, there has been a significant rise in consumer interest towards foods that are
not only safe and nutritious, but also promote longevity and overall health improvement.
This trend has steered the food industry towards the development of ‘functional foods’,
especially prebiotics. Prebiotics, primarily indigestible oligosaccharides, are acknowledged
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for their health benefits and their role in disease prevention [1]. They enhance gut health,
mainly by supporting beneficial bacterial colonies in the intestinal tract, thereby offering a
range of health benefits including improved digestion and immune system performance [2].
In response, the food industry is now focusing on more efficient and sustainable methods for
oligosaccharide production, aligning with consumer demand. Biotechnological innovations
have been crucial in this area, particularly for the eco-friendly production of high-value
compounds. A notable approach involves converting lignocellulosic agricultural waste into
oligosaccharides, either through microbial fermentation [3] or enzymatic hydrolysis using
microorganisms or enzymes [4]. Furthermore, the fields of probiotics and prebiotics merge
environmental and societal studies. The Food and Agricultural Organization defines prebi-
otics as nonviable food components that enhance health by modulating the gut microbiome.
To qualify as a prebiotic, a substance must not be a drug or organism, must demonstrate
measurable health benefits, and positively affect the host’s gut microbiota [5,6]. However,
prebiotic effects can vary depending on the specific strains and the unique gut environments
of individuals. Prebiotic sources are varied, including fruits, vegetables, and processed
foods such as yogurt, cereals, and bread [7,8], which not only foster beneficial gut microbes,
but also contribute to cholesterol reduction, antioxidant activity, immune strengthening,
and better mineral absorption. This study also explores the role of cellulose, Earth’s most
abundant natural polysaccharide. Cellulose derivatives, such as carboxymethyl cellulose
(CMC), are utilized as encapsulating agents but face limitations due to water solubility
and sensitivity to gastric enzymes and pH. An innovative approach involves modifying
natural cellulose to increase its resistance to various factors through an eco-friendly process,
such as mild oxidation by TEMPO (2, 2, 6, 6-Tetramethylpiperidine-1-oxyl radical) [9],
thereby enhancing cellulose’s efficacy as a carrier for nondigestible prebiotic supplements.
In conclusion, this study offers an exhaustive review of oligosaccharide biosynthesis, fo-
cusing on whole-cell and enzyme-mediated methods that utilize renewable resources and
industrial effluents, while highlighting the challenges and limitations in the prebiotic and
oligosaccharide synthesis arena. The conversion of agricultural by-products into valuable
prebiotics outlines the steps from collecting waste materials such as husks and leaves to
processing them into prebiotics, which support beneficial microorganisms. The diagram
may show the treatments—mechanical, chemical, or biological—used to break down these
by-products for gut bacteria nourishment, highlighting important chemical and enzymatic
processes or fermentation involved in the transformation (Figure 1).
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Furthermore, the graphical abstract would likely include the potential applications
of the resulting functional prebiotics. This could involve their use in dietary supplements,
food and beverage products, animal feeds, or even in the pharmaceutical industry for the
development of health-promoting products.

1.1. Global Scenario and Market Potential Delves Commercial Prospects of the Prebiotics Market

The global prebiotics market has experienced growth, primarily due to increasing
concerns about obesity and a subsequent emphasis on dietary fiber-rich foods. Although
natural sources such as fruits and vegetables are beneficial, they often do not meet the
average dietary fiber requirements, presenting a significant opportunity for the devel-
opment of functional foods enhanced with prebiotics (Figure 2) [2]. Among the various
prebiotic components, galactooligosaccharides (GOS), fructooligosaccharides (FOS), and
inulin stand out as the leading substances in the global market [1,2]. As of 2016, the market
was valued at approximately USD 3.34 billion, with projections suggesting a compound
annual growth rate (CAGR) of 10.0% up to the year 2025. This growth indicates a significant
expansion within the forecast period [10]. The food and beverage sector is the primary
consumer of prebiotics, accounting for a whopping 82% of the market share. Following
this sector is the animal feed segment, which had a market value of USD 281.9 million in
2015 [11], highlighting the diverse applications and increasing demand for prebiotics across
different industries.

The production of oligosaccharides, a key element in the prebiotic market, is led by
major companies including Beneo Orfati SA, Danone, Abbott Nutrition, Roquette America
Inc., Campina Domo, and Clasado, Ltd. Notably, Danisczo-DuPont has made considerable
progress in this area by launching polydextrose under the brand name Litesse, known
for its health benefits [12]. Clasado, Ltd., has introduced innovative technology for the
synthesis of galactooligosaccharides (GOS), establishing a new standard in the industry.
Leading firms such as FrieslandCampina, Danone, and Campina Domo are also focusing
on GOS production, indicating a robust and dynamic market [13]. This expanding market
reflects the growing awareness and demand for dietary solutions aimed at addressing
health issues, such as obesity, with functional foods playing a crucial role [14].
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1.2. Autohydrolysis Processes: Principles and Applications

Autohydrolysis, an advanced hydrothermal treatment, utilizes pressurized water
for biomass processing and becomes effective when the water temperature surpasses
120 ± 0.2 ◦C. This increase in temperature leads to enhanced ionization and a notable
rise in hydronium ions (H3O+) [15]. At 250 ± 0.1 ◦C, the concentration of hydronium
ions is significantly higher—23.3-times more—than at 25 ± 0.5 ◦C. The boosted ionization
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aids in breaking down biomass components such as hemicelluloses and pectin through
depolymerization [16]. During depolymerization, the release of acetic and uronic acids
is key, further increasing the production of H3O+ ions, making them more effective than
water alone [16]. Autohydrolysis excels in producing oligosaccharides, allowing control
over monomers and degradation products by adjusting reaction time and temperature.
Initially designed for separating lignocellulosic biomass by dissolving hemicellulose, it is
also effective in depolymerizing pectin [16]. The process involves several steps: proton
migration to the solid interface, chemical adsorption, interaction between the proton and
surface polysaccharides, cleavage and release of oligosaccharides, and the diffusion of these
oligomers into the surrounding liquid. The speed of this process is mainly dictated by the
chemical reaction phase [17] (Figure 3).
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lose production.

Key factors influencing the autohydrolysis process include particle size, liquid-to-solid
ratio (LSR), temperature/time, and pH. Particle size directly affects the surface area and
porosity, with smaller particles enhancing these properties. However, the energy required
for milling to achieve smaller particle sizes necessitates a careful balance [18]. The LSR,
generally within 8–10 g water/g dry material, impacts the concentration of acetic and
uronic acids, thereby influencing autohydrolysis efficiency and its energy demands [18].
The intertwined relationship of temperature and time is encapsulated in the severity factor,
a crucial parameter that significantly affects the autohydrolysis process. Maintaining pH
above 4.0 during autohydrolysis aids in selectively producing oligomers while minimizing
the breakdown into monomers and degradation products [19]. The severity factor, essen-
tial for comparing diverse experimental conditions, was initially developed for pulping
processes. It integrates the reaction kinetics and the temperature’s effect on the rate con-
stant, accommodating variations such as nonisothermal temperature profiles or low pH
levels. The treatment temperature profile can be either isothermal, where the temperature
remains constant, or nonisothermal, with the temperature decreasing after reaching a peak.
Generally, higher temperatures combined with shorter reaction times lead to a higher yield
of pentoses and fewer degradation products [19]. Additionally, the reaction time and tem-
perature influence the molecular weight distribution of oligosaccharides. Autohydrolysis
can be performed in various reactor configurations, including batch, semicontinuous, or
continuous, with batch reactors most commonly used [20]. This process offers multiple
advantages over other treatments, such as reduced chemical usage due to the natural
increase in acetic acid concentration from acetyl groups in biomass, efficient solubilization
of hemicelluloses and pectin, the generation of valuable by-products (both solid and liquid),
and lower capital costs due to decreased corrosion potential [20].

1.3. Utilization of Lignocellulosic Waste Residues: Approaches and Applications

The use of autohydrolysis, a refined hydrothermal treatment, has significantly evolved
in the processing of lignocellulosic waste residues. Initially, in the 1970s and 1980s, it
was chiefly used for the delignification of various wood types [21]. However, during the
1990s, its application broadened, serving as a pretreatment to improve the accessibility of
cellulose for its conversion into simple sugars for biofuel or chemical production. This era
also marked an increased interest in autohydrolysis for producing xylooligosaccharides
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(XOS), valued for their health benefits [22,23]. In 1999, a key study focusing on oligosac-
charide production through autohydrolysis investigated the kinetics of breaking down
hemicelluloses, especially xylan, into XOS and xylose, along with the examination of xylose
degradation by-products [24]. This research established the groundwork for a sustainable
method of valorizing hemicelluloses. Further studies extended autohydrolysis to various
materials, including wood, agricultural, and food wastes, with food wastes offering a
notable opportunity due to their high volume [25]. These wastes are divided into two
categories: those produced during raw material conditioning, and those resulting from
material processing or consumption. The former category, particularly materials high in
xylan, yields liquors abundant in XOS when subjected to autohydrolysis [26].

The autohydrolysis process also accounts for the hydrolysis susceptibility of arabi-
nan, often present in lignocellulosic residues [27]. Optimal conditions for producing xy-
looligosaccharides (XOS) and arabinooligosaccharides (AROS) differ, reflecting the unique
requirements for each type of oligosaccharide [28,29]. Research indicates similar rates
of xylan to XOS conversion across various materials, such as corncobs and rice husks,
under comparable conditions [30]. However, the degree of polymerization (DP) for these
oligosaccharides is frequently not detailed. For materials such as almond shells, inten-
sifying the process severity results in XOS with a lower DP. While this leads to lower
oligosaccharide concentrations, incorporating enzymatic hydrolysis and purification steps
can improve yields [31]. Occasionally, small quantities of galactooligosaccharides (GAOS)
and glucooligosaccharides (GOS) are produced, with their concentration and DP affected
by the severity factor. This underscores the significance of precise control over temperature
and time to achieve desired product specifications [32]. Comparative analysis shows that
different materials necessitate distinct severity factors for optimal XOS production. For
example, brewer’s spent grains require a different optimal severity factor compared to
other substrates, showcasing faster arabinan degradation relative to xylan [33]. Advances
in this domain include strategies such as the preliminary removal of starch from grains,
enhancing the prebiotic qualities of the resultant mixture. Additionally, employing partial
enzymatic hydrolysis to reduce the average molecular weight of oligosaccharides further
improves their functional properties [34].

The research by Gullón and colleagues highlighted that chestnut shells, when pro-
cessed under relatively low severity factors, exhibited higher polysaccharide solubilization
compared to other residues such as hazelnut shells. This study illuminates the distinct
solubilization behaviors of various agricultural residues [34]. Under optimal conditions,
this led to the significant production of xylooligosaccharides (XOS) and glucooligosaccha-
rides (GOS), while yielding lower concentrations of arabinooligosaccharides (AROS) and
antioxidant compounds. In contrast, Rico et al. [35] found that achieving similar yields of
XOS required higher severity factors, which resulted in reduced concentrations of GOS,
AROS, and antioxidants. Vine shoots were also identified as promising raw materials
for XOS and GOS production, with notable amounts produced under specific severity
conditions. Studies on these materials showed that increased severity levels resulted
in a narrower molecular weight distribution of the hemicellulosic fraction, indicating a
more consistent product [36]. The varied use of autohydrolysis across different lignocellu-
losic waste residues underscores its adaptability and effectiveness in producing valuable
oligosaccharides and other beneficial compounds.

The study on lignocellulosic waste residues subjected to autohydrolysis, as presented
in Table 1, focuses on materials rich in polysaccharides other than xylan, such as pectin
and arabinan. These are predominantly found in various fruit peels and agricultural
by-products, making them highly susceptible to hydrolytic degradation [37,38]. Notably,
agricultural residues such as orange peels, lemon peels, sugar beet pulp, apple pomace,
passion fruit peels, and olive by-products are characterized by their high pectin content. In
contrast, sugarcane bagasse is mainly composed of xylan, and coconut meal consists largely
of mannan. These compositional differences are crucial for determining the potential
applications of these agricultural by-products [39].
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Research into agricultural residues such as orange peels, lemon peels, and sugar beet
pulp has pinpointed optimal autohydrolysis conditions at a temperature of 160 ◦C and a
severity factor of 2.5. These conditions have been identified to maximize the production
of specific oligosaccharides, thus optimizing the process’s efficiency for these particular
materials [40]. For example, sugar beet pulp under these conditions yields a high con-
centration of AROS (13 g/L), while orange and lemon peels produce significant amounts
of pectooligosaccharides. However, it is essential to note that increasing the temperature
beyond 160 ◦C leads to a reduction in acetyl substituents in oligosaccharides, resulting in
higher production of monosaccharides and degradation products. This highlights a critical
consideration for the thermal treatment of these substances [40]. Additionally, continuous
flow reactor operations for autohydrolysis of sugar beet pulp have been explored, achieving
similar AROS production levels, but with a significantly reduced residence time.

The autohydrolysis process applied to apple pomace and citrus wastes, particularly
for pectin extraction, has been explored with notable outcomes. In the case of apple
pomace, researchers achieved a high yield of pectin that possessed a lower molecular
weight than pectin extracted through conventional methods, by applying a temperature
of 150 ◦C for 5 min. This method paves the way for additional research focused on
producing pectic oligosaccharides from apple pomace [41]. Similarly, passion fruit peels,
which are primarily composed of pectin and cellulose, have been demonstrated to produce
significant quantities of oligosaccharides under conditions analogous to those used for
orange peels [40]. Interestingly, it is suggested that the glucan obtained from these peels
likely results from starch hydrolysis rather than cellulose, with hemicelluloses showing
greater resistance to hydrolysis compared to pectin [41].

Table 1. Overview of autohydrolysis for raw material conditioning wastes, highlighting its effective-
ness, optimal conditions, and benefits across treatment scenarios.

SNo Reactor Condition Treatment Product Residue Year Reference

1

316 stainless steel
pressure reactor of 1 L

capacity, featuring
water circulation

capability and
temperature regulation

via PID control.

Temperature of 200 ◦C
for 20 min heating time,

followed by a 5 min
holding period. Liquid
to Solid Ratio (LSR) is

10, with a severity factor
(H) of 3.94.

Autohydrolysis
isothermal.

High degree of
polymerization
xylooligosaccha-
rides (XOS) at a
concentration of
0.077 g per gram,

alongside low
degree of

polymerization
XOS at a

concentration of
0.033 g per gram.

Almond
shells 2019 [21]

2

A 1.5 L capacity reactor,
constructed from

5100 series stainless
steel, known as a Parr

reactor, features
temperature regulation

via a precision
PID-controlled system.

The process involves
reaching a temperature
of 200 ◦C, with a Liquid
to Solid Ratio (LSR) set

at 8, and a severity
factor (H) calculated to

be 4.01.

Autohydrolysis
is performed

under
isothermal
conditions,

implying that
the process is

carried out at a
constant

temperature
throughout.

This consistent
temperature is a

fundamental
characteristic of
the procedure.

Xylooligosaccharides
(XOS) present at a
concentration of
0.10 g per gram,

and
galactooligosac-

charides (GOS) at
a concentration of
0.069 g per gram.

Vine
shoots 2016 [22]
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Table 1. Cont.

SNo Reactor Condition Treatment Product Residue Year Reference

3

A high-pressure reactor,
model BR-300, features
a 0.6 L capacity stainless

steel tank equipped
with a heating block for
temperature control. It

includes a paddle
agitator for mixing

contents and utilizes tap
water for cooling, which
is circulated through an

internal coil.

The procedure entails
heating to 190 ◦C for a

duration of 5 min,
followed by

maintaining this
temperature for an
additional 5 min

holding period. The
Liquid to Solid Ratio

(LSR) is set at 10, with
the agitator speed at

300 revolutions per min
(r.p.m.), and a severity
factor (H) calculated

at 3.92.

Autohydrolysis
is performed

under
isothermal
conditions,

indicating that
the process is

maintained at a
constant

temperature
throughout its

duration.

Xylooligosaccharides
(XOS) are

measured at a
concentration of
0.10 g per gram.

Hazelnut
shells 2017 [23]

4

A stainless steel Parr
reactor, with a volume
of 3.75 L, is equipped

with two Rushton
turbines for mixing. It is

heated using external
fabric mantles and

features cooling
through internal

stainless steel loops.
The temperature within
the reactor is regulated
using a PID-controlled

system for precise
thermal management.

The process involves
heating to a

temperature of 202 ◦C
over a period of 39 min,
with the Liquid to Solid
Ratio (LSR) established

at 8.

The process of
autohydrolysis
is performed in
a nonisothermal
manner, which
means that it

involves
changing

temperatures
throughout the

operation.

Xylooligosaccharides
(XOS) are found

at a concentration
of 0.20 g per gram,

while
arabinooligosac-
charides (AROS)
are present at a
concentration of
0.016 g per gram.

Corncob 2002 [23]

5

A Parr reactor, designed
for conducting chemical

reactions under
controlled conditions.

The procedure involves
elevating the

temperature to 212 ◦C
and maintaining this
heat for a duration of

45 min, with a Liquid to
Solid Ratio (LSR) set

at 8.

Autohydrolysis
is performed

using a
nonisothermal

approach,
indicating that

the process
involves
changing

temperatures
rather than a

constant
temperature
throughout.

Xylooligosaccharides
(XOS) are

recorded at a
concentration of
0.10 g per gram,

while
galactooligosac-
charides (GOS)

are observed at a
concentration of
0.027 g per gram.

Rice husks 2004 [24]

6

A Parr reactor
constructed from

stainless steel, designed
for performing chemical
reactions with precision

and durability.

The protocol requires
heating to a

temperature of 202 ◦C
for a total of 39 min,
utilizing a Liquid to

Solid Ratio (LSR) of 8.

Autohydrolysis
is a

non-isothermal
process,

indicating that
it does not
maintain a
constant

temperature
throughout the
duration of the

reaction.
Instead, the
temperature

changes as the
reaction

progresses.

Xylooligosaccharides
(XOS) are

detected at a
concentration of
0.18 g per gram.

Barley
husks 2004 [25]
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Table 1. Cont.

SNo Reactor Condition Treatment Product Residue Year Reference

7

A 1.5 L capacity reactor,
crafted from stainless

steel and equipped with
a Parr PID controller, is

utilized for precise
temperature regulation

during reactions.

The process settings
include reaching a

temperature of 180 ◦C,
applying a Liquid to Solid

Ratio (LSR) of 8, and
achieving a severity factor

(H) of 3.08.

The method of
autohydrolysis
is performed

under
nonisothermal

conditions,
implying that it

involves
temperature

variations
throughout the

process.

Xylooligosaccharides
(XOS) are present
at a concentration

of 0.057 g per
gram, while

galactooligosac-
charides (GOS)

are measured at a
concentration of
0.054 g per gram.

Chestnut
shells 2018 [26]

8

A 0.6 L capacity reactor,
made of stainless steel
and identified as the
Parr 4842 model, is

designed for
conducting various
chemical processes.

The experimental setup
involves heating to a

temperature of 210 ◦C,
maintaining a Liquid to

Solid Ratio (LSR) of 8, and
achieving a severity factor

(H) of 4.09.

Autohydrolysis
is carried out

under
nonisothermal

conditions,
signifying that

the process
involves
varying

temperatures
over time.

Xylooligosaccharides
(XOS) are

identified at a
concentration of
0.061 g per gram.

Peanut
shells 2018 [27]

9

A stainless steel reactor
with a capacity of 0.6 L

is employed for the
process. The stirring is

achieved using two
four-blade turbine

impellers, and electric
heating is utilized to

maintain the required
temperature. Cooling is
facilitated through an

internal loop that
circulates water,
ensuring precise

temperature control
throughout the reaction.

The experimental
conditions involve

maintaining a precise
temperature of

200 ± 0.2 ◦C for a
duration of 10 min during

the holding phase.
Additionally, a Liquid to
Solid Ratio (LSR) of 10 is
applied throughout this
process. These specific

parameters are critical for
ensuring the

reproducibility and
success of the experiment,
allowing for accurate data

collection and analysis.

Autohydrolysis
Isothermal.

In this context, it’s
noteworthy that

the concentration
of low degree of
polymerization
xylooligosaccha-

rides (Low
DP-XOS) is

determined to be
0.12 g per gram.

This measurement
provides valuable
information about
the composition

of the sample and
its suitability for

various
applications.

Sugarcane
bagasse 2018 [42]

10

A stainless steel vessel
with a volume of 0.12 L

is utilized for the
experimental setup. The

vessel’s heating is
accomplished using an
aluminum block heater,
which is meticulously

regulated through a PID
(proportional-integral-

derivative) controller to
maintain precise

temperature conditions.
To counteract the

generated heat, the
vessel is efficiently

cooled by a continuous
flow of tap water,

ensuring the stability
and control of the entire

system.

The experimental
procedure comprises two
distinct phases, starting

with heating the system to
a temperature of 275 ◦C,

followed by a subsequent
cooling phase that

extends the total duration
to 14.5 min. Throughout
this process, a Liquid to
Solid Ratio (LSR) of 10 is

maintained, and a
severity factor (H) of 4.52

is calculated. These
specific conditions are

meticulously selected and
are instrumental in

achieving the desired
results and gaining

insights into the behavior
of the materials involved

in the experiment.

Autohydrolysis
nonisothermal.

In the context
provided, the

concentration of
mannooligosac-

charides
(MANOS) is

reported at 0.23 g
per gram. This

specific
measurement is

crucial for
understanding the

composition of
the analyzed

sample and its
potential

applications.

Coconut
meal 2014 [43]
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Table 1. Cont.

SNo Reactor Condition Treatment Product Residue Year Reference

11

A stainless steel vessel
with a volume of 0.125
L is employed for the

experimental setup. The
vessel’s heating is

achieved through the
use of an aluminum
block heater, while
effective cooling is

ensured by the
continuous flow of tap
water, maintaining the

desired temperature
conditions throughout

the process.

The procedure entails
heating the system to a
specific temperature of
175 ◦C and maintaining
this temperature for a

duration of 5.5 min.
During this process, a
Liquid to Solid Ratio

(LSR) of 16 is employed,
and a severity factor (H)

of 2.21 is calculated,
which are key parameters
influencing the outcomes
of the operation. These
precise conditions are

crucial for achieving the
intended results and
understanding the

behavior of the materials
involved in the

experiment.

Autohydrolysis
nonisothermal.

In the given
context, the

concentrations of
specific

oligosaccharides
are observed, with
polysaccharides
(POS) measured

at a concentration
of 0.14 g per gram,

and
galactooligosac-
charides (GOS)
recorded at a

concentration of
0.051 g per gram.
These values are

significant in
characterizing the

composition of
the analyzed

sample.

Passion
fruit peel 2017 [44]

12

A Parr reactor
constructed from

stainless steel, which is
widely recognized for

its durability and
corrosion resistance, is

utilized for various
chemical processes and

experiments.

The experimental setup
involves maintaining a
temperature of 195 ◦C,

while utilizing a Liquid to
Solid Ratio (LSR) of 8.

Additionally, a severity
factor (H) of 3.65 is

calculated for the process.
These specific conditions
are carefully selected and
crucial for achieving the
desired outcomes and

understanding the
behavior of the materials
involved in this operation.

Autohydrolysis
nonisothermal.

The analysis
reveals the
presence of

specific
oligosaccharides,

with xylooligosac-
charides (XOS)
measured at a

concentration of
0.12 g per gram,
galactooligosac-

charides (GOS) at
0.040 g per gram,

and
arabinooligosac-
charides (AROS)

at 0.032 g per
gram. These

concentrations are
pivotal in

characterizing the
composition of
the sample and

assessing its
potential

applications.

Brewery’s
spent
grains

2015 [45]

13

The experimental setup
includes a reactor vessel
with a capacity of 0.05 L,

constructed from
SUS316 stainless steel,

known for its resistance
to corrosion. To achieve
the desired temperature,

the reactor is heated
within a molten salt

bath, ensuring precise
temperature control
during the process.

Furthermore, to rapidly
cool the reactor down to
50 ◦C in less than 3 min,

a water bath cooling
system is employed,
allowing for efficient

temperature
management.

The experimental
procedure involves a

multi-step process,
starting with heating to a
temperature of 160 ◦C for

5 min. Subsequently,
there is a 2 min holding

period at this temperature,
followed by a 3 min

cooling phase.
Throughout this process,
a Liquid to Solid Ratio

(LSR) of 8 is maintained.
These precise time and
temperature intervals,

along with the LSR, are
critical factors that
contribute to the

successful execution of
the procedure and the

desired results.

Autohydrolysis
isothermal.

In the context
provided, it is
crucial to note

that the
concentration of
Arabinooligosac-
charides (AROS)
is determined to

be 0.15 g per gram.
This specific

measurement play
a significant role
in characterizing
the composition
of the analyzed

sample and
assessing its

potential uses or
applications.

Beet fiber
(beet
pulp)

2013 [46]
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Table 1. Cont.

SNo Reactor Condition Treatment Product Residue Year Reference

14

A stainless steel reactor
with a substantial
capacity of 100 L,

known for its durability
and versatility in
accommodating

large-scale chemical
processes and reactions.

The operation entails
maintaining a

temperature of 170 ◦C for
a duration of 15 min while
utilizing saturated steam
as the heating medium.

These specific conditions
are carefully chosen and
play a significant role in
the successful execution
of the process at hand.

Steam
processing,
isothermal.

The analysis
includes the

identification of
polysaccharides

(POS),
xylooligosaccha-
rides (XOS), and
galactooligosac-
charides (GOS),

although there is
no quantitative

information
available

regarding their
respective yields

in the given
context. These

components are
essential to

characterize the
composition of

the sample, even
though the precise
quantities are not

provided.

Alperujo 2012 [47]

15

The equipment used is
an autoclave with a

working volume of 0.5
L, specifically designed

for conducting
controlled experiments

and reactions. To
monitor the conditions

within the reactor,
precise measurements

of temperature and
pressure are obtained
using a thermocouple
and a pressure gauge,
respectively, ensuring

accurate data collection
and control during the

experiments.

The procedure involves
maintaining a

temperature of 150 ◦C for
a specific holding period

of 5 min. During this time,
a high Liquid to Solid

Ratio (LSR) of 30 is
employed, which is a
critical factor in the

success of the process.
These controlled

conditions are essential
for achieving the desired

outcomes in this
particular operation.

Autohydrolysis
Isothermal.

In the context
provided, it is

noteworthy that
the concentration

of
Polysaccharides

(POS) is
quantified at 0.17
g per gram. This

specific
measurement is

crucial for
understanding the

composition of
the analyzed

sample and its
potential

applications in
various processes

or industries.

Citrus
peel,
apple

pomace

2014 [48]

16

The experimental setup
comprises a 3.75 L
stainless steel Parr

reactor, featuring the
integration of two
four-blade turbine

impellers, which play a
crucial role in achieving
thorough mixing during
chemical processes. The

heating system is
powered by electricity,
allowing for accurate
temperature control
within the reactor.
Furthermore, the

system incorporates an
internal cooling loop,

which effectively
dissipates excess heat
generated during the
reactions, ensuring

stable and controlled
conditions throughout
the experimentation.

The experimental
parameters consist of

maintaining a
temperature of 160 ◦C,
employing a Liquid to
Solid Ratio (LSR) of 12.
Additionally, a severity
factor (H) of 2.46 and an

agitator speed of
150 revolutions per min
(r.p.m.) are meticulously
selected. These precise

conditions play a crucial
role in ensuring the

success and
reproducibility of the

process being conducted.

Autohydrolysis
Nonisothermal.

The analysis
indicates that the
sample contains
polysaccharides

(POS) at a
concentration of
0.20 g per gram

and
arabinooligosac-
charides (AROS)

at a concentration
of 0.076 g per
gram. These

measurements are
essential for

characterizing the
composition of
the sample and

assessing its
suitability for

specific
applications or

processes GALOS
(0.066 g/g).

Orange
peel 2010 [49]
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Table 1. Cont.

SNo Reactor Condition Treatment Product Residue Year Reference

17

A Parr reactor, crafted
from durable stainless

steel and boasting a
substantial 3.75 L

capacity, serves as the
primary vessel for
conducting various

chemical processes and
reactions, making it an

essential tool in the field
of research and

experimentation.

The process involves
maintaining a

temperature of 160 ◦C
while utilizing a Liquid to

Solid Ratio (LSR) of 12.
Additionally, it

incorporates a severity
factor (H) of 2.51 and an

agitator speed of
150 revolutions per min
(r.p.m.). These specific

conditions are critical for
achieving the desired
outcomes in the given

procedure.

Autohydrolysis
Nonisothermal.

In the context
provided, it’s

important to note
that the sample

comprises
polysaccharides

(POS) with a
concentration of
0.25 g per gram,
arabinooligosac-
charides (AROS)

at a concentration
of 0.068 g per

gram, and
galactooligosac-

charides (GALOS)
measured at 0.026
g per gram. These

specific
measurements

play a pivotal role
in characterizing
the composition

of the sample and
evaluating its

potential
applications in

various industries
and processes.

Lemon
peel 2013 [50]

Note: H is the severity factor (Log (R0)).

Sugarcane bagasse, another significant agricultural by-product, has been examined
for its potential in generating low degree of polymerization (DP) xylooligosaccharides,
achieving optimal results at 200 ◦C with a 10 min reaction time [33]. Furthermore, the study
on coconut meal, which is abundant in mannan polymers, under optimal conditions (a
severity factor of 4.5) resulted in the production of oligosaccharides, predominantly within
a DP range of 2 to 6 [39]. These investigations underscore the versatility of autohydrolysis
in valorizing various lignocellulosic wastes into valuable oligosaccharides and enhancing
our understanding of process optimization for different biomass sources.

In research concerning autohydrolysis, the resultant liquors typically undergo steps
of purification and concentration, while the remaining solid mass is further processed to
separate cellulose and lignin fractions [23]. The methodologies adopted in these studies
vary significantly; some focus on optimizing the autohydrolysis conditions to directly
produce oligosaccharides with the preferred degree of polymerization (DP) in a single step.
In contrast, other studies adopt a fractionation approach, aiming to initially extract high
DP oligosaccharides, which are then subjected to selective processing through chemical
or enzymatic methods to achieve the desired specifications. Regardless of the approach
taken, a purification step is often essential to ensure the produced oligosaccharides meet
the necessary quality and purity standards [25]. This reflects the importance of both the
process strategy and the subsequent purification in achieving high-quality oligosaccharide
outputs from autohydrolysis.

The susceptibility of different polymers to autohydrolysis generally follows the se-
quence of galactooligosaccharides (GALOS) being less susceptible than xylooligosaccha-
rides (XOS), which in turn are less susceptible than mannan oligosaccharides (MANNOS).
Notably, operational variables such as particle size or agitation speed, crucial for under-
standing mass transfer in dynamic processes, have not been thoroughly investigated in this
context. The majority of these studies employ batch operations, with time and temperature
identified as the main factors for optimization.
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It is important to recognize the dual functionality of autohydrolysis, as it proves
efficient not only in generating oligosaccharides, but also in producing a solid feedstock
conducive to further fractionation processes. This dual capability renders autohydrolysis
a valuable tool for diverse applications in the production of bio-based materials (Table 1).
Specifically, the process improves the accessibility of cellulose for enzymatic action, thereby
facilitating the transformation of sugars obtained via enzymatic hydrolysis into valuable
products through catalysis and bioprocessing [25]. This multifaceted utility of autohydroly-
sis underscores its significance in the valorization of biomass, enhancing both the yield of
oligosaccharides and the efficiency of producing bio-based products (Table 1).

2. Functional Properties of Polymeric Oligosaccharides
2.1. The Role and Benefits of Galactooligosaccharides (GOS) in Human and Animal Health

Galactooligosaccharides (GOS), including oligogalactosyl lactose and transgalac-
tooligosaccharides, are prebiotics pivotal for promoting gut health, especially by fostering
the growth of beneficial Bifidobacteria. Predominantly extracted from cow’s milk and soy-
beans, GOS is prominently featured in human milk during the early stages of lactation.
GOS comprises a glucose molecule linked to a series of galactose units, generally ranging
from two to ten in number. These units can form either alpha (α) or beta (β) configurations,
depending on the type of linkage between the galactose and glucose molecules [51]. Alpha
GOS, with a terminal sucrose moiety, is prevalent in human and bovine milk, as well as in
seeds and pulses, while beta GOS is derived from lactose. Categorized into the raffinose
and melibiose families based on their specific linkages, GOS offers versatile applications
due to its unique attributes. Its moisture retention capability and ability to reduce the
freezing point make it a valuable food industry additive, aiding in preserving freshness and
texture [52]. Additionally, GOS serves as a sweetening agent with approximately 30–60% of
the sweetness of sucrose, making it suitable for a variety of food, feed, and pharmaceutical
products [52]. Beyond its nutritional value, GOS is crucial in dietary supplements aimed at
infants and the elderly, supporting gut health and overall wellness [53]. In medical contexts,
lactulose, a derivative of GOS, is utilized to manage conditions such as hyperammonemia
and portosystemic encephalopathy [54]. Importantly, GOS supplementation in infants
has been linked to lower risks of allergic conditions, such as eczema, underscoring its
potential in allergy prevention. This multifunctionality of GOS, spanning food quality
improvement, health benefits, and medical uses, underscores its importance across the
food and healthcare industries.

2.2. Exploring the Health Impacts of Xylo-Oligosaccharides (XOS) in Human and
Animal Nutrition

Xylo-oligosaccharides (XOS) represent a distinctive group of nondigestible oligosac-
charides known for their resistance to human digestion and significant probiotic effects.
Primarily supporting Bifidobacteria and certain Lactobacilli, XOS offer more than just probi-
otic benefits; they also play potential roles in managing diabetes, exhibit antioxidant and
antibacterial activities, contribute to immune system modulation, and may help reduce
the risk of colon cancer [55]. Their applications are diverse, extending from human nutri-
tion to animal feed and even cosmetics, illustrating their wide-ranging utility. Notably,
XOS have a significant impact on blood sugar control and digestive health, as they are
proven to influence insulin secretion and offer laxative benefits that support gastrointestinal
function [56].

In specialized products such as detoxification jellies, nutritional supplements for can-
cer patients, and weight loss foods, xylo-oligosaccharides (XOS) prove their versatility.
Moreover, as a noncariogenic sweetener, XOS is ideal for low-calorie diets, offering sweet-
ness without promoting tooth decay. XOS is associated with numerous health benefits,
including enhanced calcium absorption, improved lipid metabolism, cardiovascular protec-
tion, and anti-inflammatory and antiallergic effects [57]. Its regular intake has been linked
to a healthier gut microbiota in older adults. While XOS offers various benefits across
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multiple health and nutritional applications, caution is recommended when using it to treat
constipation in pregnant women due to the possibility of side effects.

Chemically, XOS consist of xylose units linked by β-(1–4)-xylosidic bonds, granting
them resistance to acidic environments and high temperatures. These molecules are de-
rived from the hydrolysis of xylan, a major component of lignocellulosic biomass, with
their molecular formula expressed as C5nH8n + 2O4n + 1 for n values ranging from 2
to 6. This range illustrates the diversity in their molecular structures and properties, of-
fering insight into XOS’s chemical composition and origins. Although XOS are naturally
present in various foods such as fruits, vegetables, and honey, the concentrations in these
sources are typically too low to yield substantial probiotic effects [58,59]. Consequently,
dietary supplementation with XOS is crucial for exploiting their full health benefits, high-
lighting their increasing significance across the food, nutrition, healthcare, and cosmetics
industries (Figure 4).
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2.3. Investigating the Nutritional and Health Benefits of Fructo-Oligosaccharides (FOS) in
Humans and Animals

Fructooligosaccharides (FOS) are a group of oligosaccharides composed of short
chains of fructose molecules. The main constituents of FOS are 1-kestose, nystose, and
fructofuranosylnystose [60]. These molecules feature one to three fructosyl units attached
to the β-2,1 position of a sucrose molecule, a structure that prevents digestion by human
enzymes and allows them to reach the colon intact. In the food industry, the functional
properties of FOS are highly valued. It serves as a stabilizer, enhancing the texture and
consistency of various food products. Additionally, FOS acts as a bulking agent, increasing
food volume without substantially raising caloric content [61]. FOS is also utilized in
sweetener production due to its natural sweet taste, making it a suitable sugar substitute,
especially for those reducing sugar intake.

The health benefits and physiological effects of FOS on human health are extensive.
A key advantage of FOS is its prebiotic nature, supporting the growth and metabolic
activity of beneficial bacteria such as Bifidobacteria in the human gut. This prebiotic action is
crucial for promoting a healthier and more balanced gut microbiome, leading to enhanced
digestive health and overall well-being. Such effects contribute to improved gut health and
digestion, aiding in alleviating conditions such as constipation [62]. Beyond gut health,
FOS is explored for its ability to regulate blood sugar levels and its potential in diabetes
prevention or management. With a low caloric value of 1.5 kcal/g, FOS is an appealing
choice for calorie-conscious consumers. Additionally, its noncariogenic property means it
does not promote tooth decay, addressing a common issue associated with sugar intake [63].

Previous studies have underscored the capacity of Fructooligosaccharides (FOS) to
bolster the body’s defenses against certain pathogenic bacteria in the intestines, thereby
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enhancing intestinal health [64]. Moreover, dietary FOS supplementation has been associ-
ated with the inhibition of precancerous lesions in animal models, alongside promoting the
proliferation of beneficial gut bacteria and lowering cecal pH, suggesting potential roles in
cancer prevention [65]. An essential benefit of FOS is its positive impact on mineral absorp-
tion. Research indicates that animals supplemented with FOS show increased absorption
of key minerals such as calcium and magnesium, resulting in improved bone density [66].
This property of FOS is particularly valuable for individuals at risk of osteoporosis.

FOS has received widespread recognition and regulatory approval as a food additive
in various countries, including the United States, Japan, and some European Union nations.
This approval underlines FOS’s safety, versatility, and utility in diverse food products and
dietary contexts [67]. The recommended daily intake of FOS is established at 0.8 g per
kilogram of body weight, a guideline aimed at optimizing health benefits while mitigating
potential adverse effects. Thus, FOS emerges as a versatile and beneficial element within
the food and health industries. Their unique structure and functional qualities render them
apt for multiple uses, whereas their health benefits, particularly concerning gut health and
mineral absorption, underscore their significance as a dietary supplement.

2.4. Assessing the Role of Mannan-Oligosaccharides (MOS) in Enhancing Human and Animal
Health and Nutrition

Mannan-oligosaccharides (MOS), sourced from the cell walls of yeasts and fungi, play
an increasingly prominent role in animal nutrition and health. In the poultry sector, MOS
is a favored feed additive, recognized for its capacity to bolster gut health and immune
responses in chickens and other birds [68]. This enhancement of intestinal health is partially
credited to MOS’s ability to adhere to pathogenic bacteria, preventing these pathogens from
attaching to the intestinal lining and causing infections. The benefits of MOS, however,
extend beyond poultry to other monogastric animals, including pigs and sheep. One of
the standout properties of MOS is its antioxidative capability. It has been demonstrated
to mitigate oxidative stress in animals by neutralizing free radicals and curtailing lipid
peroxidation, which can otherwise result in cellular damage [69].

Mannan-oligosaccharides (MOS) act as prebiotics due to their resistance to diges-
tion in the upper gastrointestinal tract of animals, enabling them to arrive intact in the
colon. There, MOS promotes the growth of beneficial gut bacteria, especially Bifidobacteria,
which are essential for optimal gut health, digestion, and immune system enhancement.
Research demonstrates that animals consuming MOS-supplemented diets show notable
improvements in growth rates, feed conversion ratios, and disease resistance, even under
stress-inducing circumstances such as weaning or pathogen exposure [70]. The production
of MOS represents a sustainable method of valorizing agricultural waste, through the
enzymatic hydrolysis of such waste to extract valuable MOS, showcasing an eco-friendly
strategy to convert underused resources into high-value products. Beyond gut health and
immunity, recent studies suggest MOS’s potential anticarcinogenic effects, particularly
against colon cancer, opening new research pathways for its use as a functional ingredient
in animal feeds and potentially in human diets for disease prevention and health enhance-
ment [71]. Therefore, mannan-oligosaccharides are highlighted as a pivotal element in
animal nutrition, delivering a spectrum of health benefits, from gut health and immune
support to antioxidant and possible anticarcinogenic properties, with their production
from sustainable sources further boosting their value in the feed industry and possibly for
human nutrition.

3. Synthesis of Oligosaccharides from Lignocellulosic Biomass
3.1. Approaches to Oligosaccharide Production: Cell-Free and Whole Cell-Mediated Biosynthesis

The production of galactooligosaccharides (GOS) encompasses sophisticated chemical
and enzymatic procedures. Initially, researchers investigated a chemical synthesis approach,
which utilized mineral acids to act on monosaccharides. Despite this method’s potential, it
faced significant hurdles regarding scalability and the specificity of the resulting products.
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These challenges rendered the chemical synthesis approach impractical for large-scale
production [72].

3.1.1. Production of Galactooligosaccharides (GOS) Using Lignocellulosic Biomass

The synthesis of galactooligosaccharides (GOS) through chemical methods, particu-
larly via reversion involving the treatment of monosaccharides with mineral acids, encoun-
tered significant challenges. The lack of specificity in the products generated was not suited
for large-scale production, and environmental concerns about the use of harsh chemicals
further limited its feasibility within the food industry [5,73]. These obstacles highlighted
the necessity for more efficient and environmentally sustainable alternatives. As a result,
the research focus shifted towards enzymatic synthesis methods, particularly employing
enzymes such as β-galactosidase (E.C. 3.2.1.23) and α-galactosidase (E.C. 3.2.1.22), marking
a commitment to greener and more effective production techniques. These enzymes are
proficient in catalyzing the hydrolysis of β-galactosides into monosaccharides. A notable
advancement was made with β-galactosidase from Aspergillus oryzae, which showed ex-
ceptional ability to convert lactose into GOS under specific conditions, representing a
significant step forward in GOS production [74] (Table 2).

Innovative approaches for continuous galactooligosaccharides (GOS) production have
been explored, focusing on enhancing the process’s efficiency and scalability. One notable
method involves immobilizing β-galactosidase enzymes on various substrates, coupled
with nanofiltration fractionation using cellulose acetate membranes. These techniques
not only improve the production efficiency of GOS, but also present viable options for
scaling up the manufacturing process [75]. Specifically, the use of chitosan as a substrate
for immobilizing β-galactosidase has shown to significantly increase the yield of GOS,
rendering the production process more economical and efficient compared to conventional
methods [76]. Additionally, whole cell transformation techniques employing Kluyveromyces
marxianus, followed by enrichment with Saccharomyces cerevisiae, have proven effective in
enhancing both the purity and yield of GOS [77]. This strategy underscores the potential
of utilizing living cells as biocatalysts in GOS production, offering an environmentally
friendly and efficient alternative to chemical synthesis methods.

The extraction and utilization of β-galactosidase enzymes for galactooligosaccha-
rides (GOS) production have been central to various research projects, with significant
breakthroughs reported. Yang et al. demonstrated a remarkable advancement by using
β-galactosidase from Thermotoga naphthophila RKU-10, a thermophilic enzyme showing a
100% catalytic efficiency. This enzyme was used to convert lactose from processed milk
waste into GOS, achieving a high yield of 23.28 g per L per h at 75 ◦C and pH 6.5 [78].

Moreover, the enzyme β-glucosidase TN0602, characterized by its deep and narrow
catalytic pocket, has been crucial for the efficient conversion of lactose into GOS. In another
study, Hackenhaar et al. utilized whey permeate, a dairy industry by-product, for GOS
production using a commercial β-glucosidase enzyme from Kluyveromyces lactis. This
process resulted in an 89.27% lactose conversion rate and a GOS yield of 25 g per 100 g of
lactose, with a specific productivity of 51 g of GOS per gram of enzyme per h, showcasing
the process’s high efficiency [79].

Kittibunchakul et al. focused on finding cost-effective sources for GOS production,
crucial for the prebiotic industry’s sustainability. They employed β-glucosidase immobi-
lized on chitosan-coated magnetic nanoparticles, achieving a notable GOS yield of 17%
mol/mol from 2.34 M lactulose after a 36 h reaction period. This method represents a
promising and economically viable approach for GOS production, offering a significant
contribution to the advancement and sustainability of the prebiotic sector [80].

Extensive research underscores that the synthesis of galactooligosaccharides (GOS)
is predominantly facilitated by enzymes derived from fungal and bacterial origins, uti-
lizing lactose as the substrate. Arsov et al. conducted a noteworthy study using an
enzyme from Limosilactobacillus reuteri, achieving a GOS production yield of 38% from lac-
tose. The primary GOS compounds produced included allolactose, D-Galp-(1 → 6)-D-Gal,



Fermentation 2024, 10, 195 16 of 34

among others [81]. Delgado-Fernandez et al. investigated the properties of recombinant
β-galactosidase from Lactiplant.

Table 2. Summary of GOS production methods, β-galactosidase sources, yields, and processes, with
related studies to improve production and understand synthesis factors.

SNo Source of β-Galactosidase Yield Process Reference

1

L. acidophilus ATCC 4356, a specific
strain known for its enzymatic activity.

This strain is employed to catalyze
various biochemical reactions, including
the conversion of lactose into valuable
galactooligosaccharides (GOS), making
it a crucial component in the production

of prebiotic compounds.

86 g/L

The process involves the
immobilization of enzymes on a

methacrylic polymer carrier, which
serves as a stable and effective support

system for the enzymes, facilitating
their catalytic activity and enabling

various applications in biotechnology
and industrial processes.

[82,83]

2 T. naphthophila RKU-10 23.28 g/L/h Enzyme. [84,85]

3 A. niger 35% Enzyme. [86,87]

4 K. lactis 21 g/L

In this innovative approach,
bead-immobilized β-galactosidase is

employed in conjunction with
nanofiltration for the fractionation of
sugar mixtures. The use of cellulose

acetate membranes enhances the
efficiency and selectivity of the

fractionation process, making it a
valuable technique in the production

and purification of specific sugar
compounds, including

oligosaccharides.

[88,89]

5 A. oryzae 29 g/100 g of
lactose

Fermentation in 50% (w/w) lactose
monohydrate. [90]

6 T. thermophillus 34% Immobilization on to insoluble carrier
Eupergit C. [91]

7 A. oryzae 39.30% Packed bed reactor. [92]

8 B. circulans 44% Enzyme. [92]

3.1.2. Generating Xylooligosaccharides (XOS) from Lignocellulosic Biomass: Techniques
and Advancements

The trend in research increasingly emphasizes transforming agricultural by-products
into valuable prebiotics, particularly focusing on xylooligosaccharides (XOS). Samanta
et al. [93] conducted a significant study utilizing pigeon pea stalks (Cajanus cajan), which
were processed with sodium hydroxide and steam to extract an impressive 96% of xylan
content. This extracted xylan was then treated with xylanase enzyme (11.01 U), resulting in
the production of xylobiose (0.502 mg/mL) at an optimized temperature of 48.11 ± 1 ◦C
and pH of 4.91 over a duration of 15.65 h. Additionally, this process yielded xylotriose
(0.204 mg/mL) at 39.29 ◦C and pH 5.44 using 3.23 U of xylanase over 15.26 h. This approach
exemplifies the potential of utilizing enzymatic treatments on agricultural residues to
efficiently produce XOS, showcasing the viability of converting underutilized biomass into
significant prebiotic compounds.

In a separate study, Bian et al. [94] focused on sugarcane bagasse, treating it with
potassium hydroxide and then applying crude xylanase produced by Pichia stipitis. This ap-
proach resulted in the extraction of xylan-rich hemicelluloses and XOS, with an impressive
yield of 31.8% (5.29 mg/mL) of XOS after 12 h. The XOS composition primarily included
xylobiose, xylotriose, and xylotetraose, along with smaller amounts of xylopentose and
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xylohexose, verified through NMR and FT-IR analysis. These XOS also featured Araf and
4-O-Me-α-d-GlcpA residues.

Peng et al. [95] highlighted the isolation of a thermostable endoxylanase from Strep-
tomyces thermovulgaris (S. thermovulgaris) TISTR1948, utilized for producing xylooligosac-
charides (XOS) from corncob. Operating at an optimal condition of 53.80 ± 0.4 ◦C and pH
6.17, the enzyme successfully transformed 752.15 mg/g of KOH-treated hemicellulose into
162.97 mg/g of XOS, demonstrating its efficiency for high-yield XOS production. This is
indicative of the broad and inventive strategies employed in generating XOS from agricul-
tural by-products, emphasizing their importance in the food industry. Samanta et al. [96]
achieved the production of 1.9 mg/mL of xylobiose by hydrolyzing xylan extracted from
corn husks using xylanase (5.7 U/mL) at 44 ± 3 ◦C and pH 5.8 over 17.5 h. Similarly,
Jnawali et al. [97] successfully extracted 93% of xylan from brown coconut husk using a
20% sodium hydroxide (NaOH) and steam treatment. Postextraction, the xylan was treated
with xylanase, yielding significant amounts of xylobioses.

Moreover, Zhang et al. [98] explored genetic engineering by inserting an alkali-tolerant
xylanase gene from Bacillus subtilis (B. subtilis) Lucky9 into E. coli BL21. The expressed
recombinant xylanase, with a molecular weight of 21 KDa, was efficient in converting xylan
from beech wood and corncob into xylobiose and xylotriose. Notably, this enzyme retained
60% of its activity after 2 h at a high temperature of 60 ± 3 ◦C. These diverse approaches
underscore the potential of various agricultural residues as sources for XOS production.
The use of different substrates, such as pigeon pea stalks and coconut husks, alongside
various enzymatic and chemical processes, showcases the versatility and effectiveness of
these methods in producing valuable prebiotics from plant biomass.

Corn cobs, recognized for their cost-effectiveness, have been leveraged for xylooligosac-
charides (XOS) production. A steam processing technique facilitates the extraction of 90%
xylan from the corn cobs, which is then transformed into xylobiose (X2) and xylotriose (X3)
using commercial xylanase enzymes. Optimization research, such as the work conducted
by Samanta et al. [98], has significantly improved the yields of these oligosaccharides by
fine-tuning variables such as temperature, pH, and enzyme concentration.

Sugarcane bagasse is another agricultural by-product processed to extract xylan,
achieving an 80% recovery rate through a 12% sodium hydroxide w/v and steam treat-
ment. XOS2 and XOS3 are synthesized from the obtained xylan. Advanced optimization
methodologies, including response surface methodology (RSM) and ridge analysis, have
been applied to maximize xylobiose production from the xylan extracted from sugarcane
bagasse [99].

Wheat bran, an abundant agricultural by-product, offers a promising substrate for
industrial-scale production of xylooligosaccharides (XOS). Utilizing a method that includes
pretreatment, microwave-assisted enzymatic hydrolysis, and purification, a range of XOS
types such as X4, X3, and X2 have been successfully produced, with their identification con-
firmed through HPLC analysis [100]. This process exemplifies the innovative approaches
being developed for XOS production, underscoring the ability of these methods to convert
various plant biomass sources into valuable prebiotic compounds efficiently.

The field of agricultural by-product utilization for value-added compound production
is gaining significant attention. XOS, recognized for their prebiotic properties, are among
the compounds being derived from such agro-residues. For instance, Chapla et al. [101]
showed that the β-xylanase enzyme from Aspergillus foetidus (A. foetidus) could produce
XOS with a yield of 6.73 ± 0.23 mg/mL after an 8 h incubation at 45 ◦C, using corncob as
the substrate. This process resulted in xylobiose and xylotriose as the main XOS forms.
Additionally, De Menezes et al. [102] explored the capability of Pleurotus species, specifi-
cally Pleurotus sp. BCCB068 and Pleurotus tailandia, in degrading the xylan component in
oats, pointing to the industrial potential of these strains in transforming hemicellulosic
agro-residual wastes into beneficial products. These studies collectively highlight the broad
spectrum of substrates and methodologies being applied in the field, demonstrating the



Fermentation 2024, 10, 195 18 of 34

vast potential for sustainable and efficient production of XOS and other prebiotics from
agricultural by-products.

Dhiman et al. [103] took an innovative approach by immobilizing the crude enzyme
from Pholiota adipose on silicon oxide nanoparticles. This technique allowed for the
enzyme to be reused up to 17 cycles, showcasing its potential for efficient and sustainable
industrial use. In a distinct method, da Silva Menezes et al. [104] utilized the Aspergillus
brasiliensis BLf1 (A. brasiliensis) strain to produce xylooligosaccharides (XOS) using rice
husk as the substrate, achieving significant enzyme activity of 183.5 U/g substrate through
solid-state fermentation. This approach proved particularly adept at processing the solid
nature of rice husk, underscoring its effectiveness for XOS production from this agricultural
by-product. Adsul et al. [105] documented a successful process for xylan hydrolysis using
xylanase from Streptomyces matensis, applied to beech wood-derived xylan. This enzymatic
treatment yielded xylobiose and xylotriose as primary XOS products, demonstrating the
method’s efficacy for generating XOS from wood-based sources.

Furthermore, the anaerobic fermentation of oat spelt xylan by Butyrivibrio fibrisolvens
(B. fibrisolvens) H17c, known for xylan degradation, primarily produced xylobiose [105].
Another study by Adsul et al. found Pseudozyma hubeiensis (P. hubeiensis) NCIM 3574
capable of producing xylanase, which efficiently converted xylan to XOS with varying
degrees of polymerization (3–7 DP). Narisetty et al. [106] explored using corncob and wheat
bran as substrates for producing xylanase via Pichia stipitis (P. stipites) through solid-state
fermentation, highlighting the potential of diverse agricultural residues as sources for
xylanase production and subsequent XOS generation. The hydrolysis of xylan by this
enzyme resulted in an impressive 92% yield of XOS, including xylotetroase, xylotriose, and
xylobiose. These studies collectively emphasize the versatility and potential of different
agricultural residues as substrates for xylanase production and XOS generation, offering
innovative and sustainable approaches for valorizing agricultural by-products into valuable
prebiotic compounds.

Metagenomic techniques have been leveraged to identify and harness xylanase-
encoding genes for XOS production, as seen in the work of Sun et al., who isolated a
xylanase gene and expressed it in Bacillus megaterium (B. megaterium) MS941. This enzyme
efficiently produced XOS with degrees of polymerization ranging from 2 to 4, showcasing
the utility of metagenomic approaches in identifying novel enzymes for biotechnological
applications [107]. Additionally, crude xylanase from B. subtilis, lacking β-xylosidase ac-
tivity, proved effective in transforming sugarcane bagasse into pure forms of xylobiose,
xylotriose, and xylotetraose, serving as prebiotic sources for promoting the growth of
Bifidobacterial strains and the production of beneficial fatty acids [108].

Pigeon pea (Cajanus cajan) stalks have been explored for XOS production, with treat-
ments using sodium hydroxide and steam achieving high xylan recovery rates. Subsequent
enzymatic hydrolysis with xylanase under optimized conditions yielded xylobiose and
xylotriose, demonstrating the potential of agricultural residues as sources for XOS [96].
The hydrolysis of sugarcane bagasse, following potassium hydroxide treatment and crude
xylanase application from Pichia stipitis, also led to substantial XOS production [107]. Fur-
thermore, a thermostable endoxylanase from Streptomyces thermovulgaris TISTR1948 was
utilized to generate XOS from corncob, highlighting the effectiveness of thermostable
enzymes in processing biomass for XOS production [109].

These varied studies underline the broad spectrum of agricultural residues as viable
feedstocks for XOS production. Through the use of specific xylanases, optimization of pro-
cessing conditions, and innovative production methods, the efficiency of XOS generation
has been significantly enhanced. These advancements not only contribute to the valoriza-
tion of agro-residual biomass, but also open up promising avenues for the application of
XOS in the food and pharmaceutical sectors, marking a significant stride in the sustainable
production of valuable prebiotic compounds (Table 3).
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Table 3. Consolidated data on enzymatic XOS production, including enzyme sources, yields, xylan
origins, and studies, crucial for refining production processes and understanding XOS production
nuances for various applications.

SNo Source of Enzyme Yield Source of Xylan Reference

1 B. megaterium MS941 Enhancement 80% Corn cob [110]

2 S. thermovulgaris 162.97 mg/g Corn cob [111]

3 P. stipites 31.80% Sugarcane bagasse [112,113]

4

Enzyme applied in the
production of

xylooligosaccharides (XOS)
was sourced from B. subtilis

A yield of 3.2 g of
xylooligosaccharides
(XOS) was obtained

from 50 g of wheat bran

Wheat bran [114]

5 B. subtilis xylobiose 68.48 mg/g Sugarcane bagasse [108]

6 T. viridae xylobiose 96% Pigeon pea [114]

7 T.a viridae xylobiose 0.502 mg/mL Pigeon pea [115]

8 T. viridae xylobiose 1.208 mg/mL Corn cob [116,117]

3.1.3. Production of Fructooligosaccharides (FOS) from Lignocellulosic Biomass: Methods
and Progress

Fructooligosaccharides (FOS) are primarily obtained from plant-based materials, either
through direct extraction or by enzymatic synthesis from common substrates such as
sucrose or inulin. Singh et al. [118] detailed that the major enzymes used in FOS production
are fructosyltransferase (E.C.2.4.1.99) for deriving FOS from biomass-derived sucrose and
endoinulinase (E.C.3.2.1.7) for inulin-based FOS production. Aside from inulin and sucrose,
alternative sources such as date biomass, maple syrup, and chicory inulin have been
explored for FOS production.

Narisetty investigated the efficacy of commercial fructosyltransferase across various
substrates, finding sucrose as the kinetically superior substrate for FOS generation [119].
Silva et al. [120] observed that inulinase from Aspergillus niger (A. niger) and K. marxianus
NRRL Y 7571 could effectively produce FOS from inulin, with specific yields of kestose
(GF2), nystose (GF3), and fructosyl nystose (GF4) when treated with A. niger inulinase.

Further research by Nascimento et al. [121] revealed that Penicillium citreonigrum
(P. citreonigrum) produces β-fructofuranosidase (EC 3.2.1.26), capable of converting sucrose
to FOS with enhanced activity in the presence of Cu4+ ions, resulting in significant kestose
production. Smaali et al. [122] took advantage of date by-products as a novel source for
sucrose to synthesize FOS using β-fructofuranosidase (Ffase) from Aspergillus awamori
(A. awamori) NBRC4033, achieving notable yields and demonstrating the efficiency of using
agro-residue biomasses for FOS production.

These studies collectively emphasize the diverse strategies and resources available
for FOS production, showcasing the adaptability of methods in utilizing various plant
biomass sources for generating valuable prebiotic compounds efficiently and sustainably.
The examples provided illustrate the potential of employing different agro-residues and
immobilized enzymes for the industrial production of FOS, presenting a sustainable and
efficient approach, as detailed across the summarized findings in these research efforts.

Transfructosylation, an enzymatic method for synthesizing fructooligosaccharides
(FOS) from sucrose, has seen diverse approaches for improving yield and efficiency. Using
endoinulinase in a biphasic butyl acetate/buffer system, a significant 60.2% FOS produc-
tion was achieved, with nystose being the primary end-product from sucrose [123]. Maple
syrup at 15◦Bx served as a substrate for FOS production, with kestose as the main product.
Increasing maple syrup concentration to 66◦Bx enhanced the production of nystose and
fructosyl-nystose [123]. Díez-Municio et al. [124] discovered that inulosucrase from Lacto-
bacillus gasseri (L. gasseri) DSM 20,604 could produce FOS and maltosylfructosides (MFOS)
from sucrose and combinations of sucrose and maltose.
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An innovative two-phase system combined levansucrase (from Bacillus amylolique-
faciens) with endo-inulinase (from A. niger) for short-chain FOS (scFOS) and oligolevans
production, utilizing sucrose. This setup allowed levansucrase to create levans, while endo-
inulinase controlled molecule size, with 6-kestose being the primary scFOS [125]. Immobiliz-
ing levansucrase enhanced levan production over scFOS, improving cost-effectiveness [125].

Soliman et al. [126] explored immobilizing inulinase from A. niger on polyurethane
foam, using a pressurized liquefied petroleum gas (LPG) system for FOS synthesis from
sucrose, achieving a 31% total FOS yield, including GF2, GF3, and GF4. Bersaneti et al. [127]
revealed that levansucrase from B. subtilis natto could produce FOS and levan simulta-
neously, yielding 41.3 g/L of FOS and 86.9 g/L of levan in a bioreactor from a 350 g/L
sucrose concentration. Huang et al. [128] reported Aspergillus aculeatus M105 producing
extracellular fructosyltransferase (FTase), achieving FOS yields of 67.54% and 65.47% (w/w)
for extracellular and immobilized enzyme activities, respectively, with notable hydrolytic
activity. These studies illustrate the ongoing innovation in FOS production, emphasizing
various substrates, enzymes, and methods to enhance yield and application possibilities in
the food and pharmaceutical industries.

Peña-Cardeña and colleagues, in publication [129], successfully synthesized fruc-
tooligosaccharides (FOS) of low molecular weight, including compounds such as 1-kestose,
6-kestose, neokestose, nystose, and f-nystose, by employing a specialized version of the en-
zyme inulosucrase, named IslA4, which was derived from Leuconostoc citreum, using sucrose
as the substrate. Following a distinct methodology, Kralj and their team, documented in ref-
erence [130], demonstrated that a pair of fructosyltransferases labeled WDG185 are capable
of producing FOS directly from inulin. Within this duo, the enzyme β-fructofuranosidase
(FosA) is responsible for the creation of short-chain fructooligosaccharides ranging from
GF2 to GF4, while inulosucrase (InuO) facilitates the production of inulooligosaccharides,
with a range extending from GF2 to GF24, from sucrose. This process effectively mimics
the natural synthesis of inulin found in plants. These studies highlight the versatility and
potential of various enzymatic processes for producing FOS, a prebiotic component, from
sucrose. The focus on innovative methods and substrates emphasizes the evolving nature
of this field, offering new opportunities for the sustainable production of FOS (Figure 5).
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The compound 1-kestose, recognized for its dual function as a volume enhancer and
a potent sweetener, has undergone extensive investigation regarding its synthesis from
inulin for fructooligosaccharide (FOS) production. A particular method of interest employs
heat-resistant inulinase for generating solid-state fermentation (SSF) (E.C.2.4.199). In de-
tailed research, a reaction mixture containing 2191 mM sucrose in a 0.1 mM potassium
phosphate buffer (pH 8.0), with 0.18g of dry fungal mycelium per 100 mL, was incubated
at a temperature of 55 ± 3 ◦C. This process led to the generation of roughly 644 mM
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(equivalent to about 325 g/L) of 1-kestose after 12 h of incubation, achieving a conversion
rate of 60% (w/w) of sucrose to FOS. Chen and Liu, in their study [131], explored the
use of Apostichopus japonicus TIT-90076, which is noted for producing an enzyme with
high transfructosylating activity, β-fructofuranosidase. They pinpointed the enzyme’s
transfructosylation activity’s optimal pH range as 5.0 to 6.0 and the temperature range for
peak activity between 55 ± 2 ◦C and 65 ± 2 ◦C, with sucrose being identified as the most
effective substrate when present at a 25% concentration for maximal enzyme efficiency.
Hirayama and coresearchers [132] centered their work on A. niger ATCC 20611 for FOS
creation, introducing the culture into a fermentation broth with specific nutritional content,
incubated at pH 6.0 and 28 ± 2 ◦C. Their method entailed the incubation of a 50% sucrose
solution under specified conditions to yield FOS, with 1-kestoses detected at 8 h and a
notable increase in nystose after 72 h of fermentation. Similarly, Patel and associates [133]
examined Fusarium oxysporum for its fructosyltransferase production capability. These stud-
ies collectively illuminate the wide range of microbial sources and experimental conditions
conducive for FOS production, particularly 1-kestose, underscoring the diverse approaches
to optimizing synthesis parameters such as substrate concentration, temperature, pH, and
microbial strains.

A wide array of microbial strains has been explored for their capacity to synthesize
fructooligosaccharides (FOS) under tailored growth conditions. Takeda and colleagues, in
study [134], enhanced Czapek’s medium by adjusting its initial pH to 5.5, which led to a
notable increase in fructosyl transferase activity, facilitating FOS synthesis as soon as 8 h.
They discovered Scopuloariopsis brevicaulis N-01 in soil, documenting its ability to produce
a substantial 95.6 g/l of 1-kestose, achieving a conversion efficiency of 64.0% against a
theoretical maximum of 85%. This efficiency notably surpasses that of A. niger, which only
managed a 24% conversion rate for 1-kestose. Usami et al. [135] observed that Penicillium
frequentans WU-1S could induce β-fructofuranosidase activity through fructose transfer,
employing a conidial inoculum density of 106 per mL and conducting fermentation at 30 ◦C
to reach a peak transfructosylation activity of 5.40 U/mL. Barthomeuf and Pourrat [136]
detailed FOS generation from sucrose using crude fructosyltransferases (FTF) derived from
Penicillium rugulosum, utilizing a process that required a 3-day incubation at 29–30 ◦C in
Czapek’s medium enriched with 3% sucrose, 1% NH4Cl, and 0.75% soya peptone, and
spore concentration of 108 per L at pH 5.5. They found that the crude enzyme (culture
filtrate), a mix of FTF and glycosidase, swiftly achieved high FOS concentrations (650 g/L
in 10 h), outperforming the combined enzyme system of FTF and glucose oxidase, which
yielded 363 g/L in 25 h. Similarly, Yun et al. [137] investigated Aureobasidium pullulans KFCC
10,245 for its fructosyltransferase production, with their fermentation medium comprising
20% sucrose, 1% yeast extract, 0.5% K2HPO4, 0.05% MgSO4·7H2O, and 1% NaNO3 at
pH 6.5, noting enhanced enzyme activity with a culture medium containing 55% (w/w)
Mg2+. Hayeshi et al. [138] delved into immobilizing free fructosyl transferring enzyme
from Aureobasidium ATCC 20,524 on volcanic ash. Fujita and team [139] explored FOS
synthesis through the transfructosylating activity of β-fructofuranosidase (E.C.3.2.1.2.6)
from Arthrobacter sp. K1, which was grown over two days at 30 ◦C and 110 rpm in a
medium with specific nutrient concentrations, followed by fermentation at 37 ◦C for 25 h
with aeration at 6 L/min. These investigations collectively underscore the vast diversity of
microbial sources and cultivation parameters deployable for FOS generation, spotlighting
the strategic optimization of fermentation conditions such as pH, temperature, and nutrient
makeup to maximize FOS yield and production efficiency, crucial for applications in the
food and pharmaceutical sectors (Table 4).
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Table 4. Summary of enzymatic FOS production, including enzyme sources, yields, processes, and
references, serving as a guide to improve production and understand its complexity.

Sno Source of Enzyme Yield Process Reference

1 L. gasseri 45% Inulosucrase enzyme [140]

2 A. awamori 123 g/L β-fructofuranosidase enzyme
immobilized on chitosan [140]

3 B. subtilis 41 g/L Levansucrase enzyme [141]

4 K. mycesmarxianus kestose (12%), nystose (21%) Inulinase enzyme [142]

5 P. citreonigrum 59 g/L β-fructofuranosidase enzyme [143]

6 A. niger 60% Endoinulinase Enzyme [144]

7 A. niger 31% Inulinase enzyme [145,146]

3.1.4. Advancements in Extracting Mannooligosaccharides (MOS) from Lignocellulosic
Biomass: Techniques and Developments

The production of mannooligosaccharides (MOS) through the enzymatic treatment of
agricultural waste, such as copra meal, highlights a significant advancement in the utiliza-
tion of renewable resources for generating valuable prebiotic compounds. In the study by
Sathitkowitchai et al., the team utilized a genetically engineered endo-β-(1,4)-mannanase,
derived from B. subtilis but expressed in Escherichia coli, demonstrating the enzyme’s capac-
ity to effectively target and break down mannans into MOS with degrees of polymerization
ranging from 4 to 7 [147]. This process emphasizes the enzyme’s high stability and activity
under specific conditions, showcasing its potential for scalable production.

Ghosh and colleagues adopted a different approach by using endo-mannanase from
Clostridium thermocellum, also expressed in E. coli, for the hydrolysis of both pretreated
and defatted copra meal. This method resulted in the production of 40% mannobiose and
18% mannotriose [148], highlighting the efficiency of the enzyme in converting complex
carbohydrates into simpler, valuable oligosaccharides.

These studies collectively illustrate the innovative use of enzymatic hydrolysis for MOS
production from underutilized agricultural by-products. They underscore the potential
of specific microbial enzymes in transforming plant-based mannans into MOS, offering a
sustainable pathway for the development of prebiotics with significant health benefits. The
research on MOS not only contributes to the field of nutrition and health, but also presents
an eco-friendly alternative for waste biomass valorization.

The innovative research by Jian and their team in 2013 demonstrated the use of
galactomannan gum from Gleditsia sinensis for the production of MOS using β-mannanase.
Achieving a 75.9% yield of MOS with a degree of polymerization ranging from 1 to 5 after
34.1 h at 57.4 ± 2 ◦C, this study underscores the potential of utilizing diverse substrates
and enzymatic processes for MOS synthesis [149]. The emphasis on optimizing reaction
conditions such as temperature, pH, and enzyme selection is indicative of the advances in
this field, aiming for sustainable and efficient production of MOS from agro-waste biomass.

Furthermore, the work by Cescutti et al. highlighted the role of β-mannosidase in the
hydrolytic cleavage of internal β-1,4-glycosidic bonds, facilitating MOS production [150].
The recent trend towards exploiting underused agricultural biomasses, such as konjac
glucomannan (KGM) polysaccharides, for oligosaccharide production, especially focusing
on the enzymes from fecal bacteria, marks a significant shift in the approach to prebiotic
synthesis. This exploration of various microbial enzymes and substrates enriches the poten-
tial for creating valuable prebiotics from sustainable sources, pointing towards innovative
applications in food and pharmaceutical industries.

The study by Albrecht et al. in 2011 performed a comparative analysis to evaluate the
effectiveness of enzymes from fecal bacteria and fungi, specifically endo-β-(1,4)-glucanase
(EC 3.2.1.91) and endo-β-(1,4)-mannanase, in catalyzing oligosaccharide formation. The
research demonstrated significant differences in substrate specificity between the two
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enzyme sources. Fungal enzymes showed targeted activity towards mannose- and glucose-
containing linkages in konjac glucomannan polysaccharides, unlike the fecal bacterial
enzymes, which lacked such specificity. The fungal enzymes produced a wide array
of hydrolysis outcomes, including mannose and various oligosaccharides, showcasing
their ability to break down the polysaccharide into smaller molecules effectively. This
distinction in enzyme action is crucial for understanding the enzymatic breakdown of
complex polysaccharides and the subsequent production of oligosaccharides. The study
highlights the importance of selecting specific enzymes for their efficiency in hydrolysis
and their impact on the composition of the resulting oligosaccharides. The findings from
this research contribute significantly to the field, providing insights into optimizing the
enzymatic production of MOS from agricultural biomass for industrial applications.

The exploration of MOS synthesis from various plant-based sources, including the in-
triguing utilization of galactoglucomannan from pine craft biomass and konjac flour, show-
cases significant advancements in biotechnology and sustainable resource use. Tenkanen
and colleagues harnessed endo-β-D-mannase from Trichoderma reesei, effectively targeting
pine craft pulp to produce mannooligosaccharides such as mannobiose, mannotrioses, and
mannotetroses (Figure 6). The purified oligosaccharides, achieved through size-exclusion,
anion exchange, and carbon chromatography, demonstrate the potential of fungal en-
zymes in the selective breakdown and conversion of complex polysaccharides into valuable
prebiotics [151].
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Further extending the scope, Yang et al. [152] isolated endo-1,4-β-mannanase from
Talaromyces cellulolyticus (T. cellulolyticus), which showed notable activity on konjac flour,
converting a significant portion of the substrate into MOS with a wide range of polymer-
ization degrees under optimized conditions. This indicates the enzyme’s robustness and
effectiveness in MOS synthesis from nontraditional substrates [152]. Cao et al. further
explored the use of endo-β-mannanase from Bacillus sp. MSJ-5 on konjac flour, achieving a
remarkable conversion rate into MOS with specific degrees of polymerization, underlining
the enzyme’s efficiency and the feasibility of using konjac flour as a rich source for MOS
production [152].

These studies collectively illuminate the versatility and potential of employing special-
ized enzymes for the efficient and sustainable production of MOS from diverse agricultural
and plant biomasses. The focus on optimizing enzymatic processes, reaction conditions,
and the choice of substrates highlights significant strides towards advancing the enzymatic
production of MOS, with broad implications for their use in various industrial applications,
particularly in the food and pharmaceutical sectors, where there’s a growing demand for
naturally derived prebiotic compounds.
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The utilization of β-mannanase from Aspergillus oryzae for generating MOS from
copra meal, as demonstrated by Jana et al. [153], exemplifies the potential of microbial
enzymes in transforming agricultural by-products into valuable prebiotic compounds.
Similarly, Blibech et al. [154] showed the effective production of MOS from locust bean gum
using Penicillium occitanis mannanase, further enhanced by immobilizing the enzyme onto
chitin. Oda and Tonomura [155] leveraged copra meal for mannase extraction from Bacillus
circulans NT 6.7, converting mannan-rich waste into MOS, indicating its prebiotic value.
Oda and Tonomura [155] explored the optimal conditions for MOS synthesis using enzymes
from Trichosporon cutaneum (T. cutaneum) JCM 2947, Trichoderma viridae (T. viridae), finding
effective temperature and pH ranges for β-mannanase and β-mannosidase activities.

These studies collectively illuminate the diverse microbial sources and substrates
viable for MOS production, emphasizing the need for optimized reaction conditions and
specific enzyme selection. This body of research significantly contributes to advancing
MOS utilization as a functional ingredient, underscoring the importance of sustainable and
renewable biomass sources in various industrial applications (Table 5).

Table 5. Details of enzyme sources and mannan types for MOS production, aiding in method and
material selection for specific needs.

SNo Source of Enzyme Yield Source of Mannan Reference

1 C. thermocellum 40% Mannobiose and 18%
Mannotriose Copra meal [156]

2 G. sinensis 29.1 g/L Galactomannan gum [157]

3 T. viridae Trimers (27%), Tetramers (6%), and
Pentamers (3%) Konjac glucomannan [158]

4 T. cellulolyticus 71.2% Konjac flour [159]
5 B. subtilis 8.25% Copra meal [160]

3.1.5. Innovations in Producing Isomaltooligosaccharides (IMOs) from Lignocellulosic
Biomass: Processes and Technological Progress

The synthesis of isomaltooligosaccharides (IMOs) using enzyme batch systems has
been effectively optimized in various research initiatives. Rabelo and colleagues conducted
a study utilizing a partially purified dextransucrase enzyme from Leuconostoc mesenteroides
NRRL B-512F. They identified the optimal conditions for IMO production to be a sucrose
concentration of 200 mmol/L and an enzyme activity of 1 U/mL. Under these condi-
tions, they achieved an IMO concentration of 64.42 mmol/L, with a productivity rate of
42.5 mmol/L/h, demonstrating the efficiency of this method and its potential for cost-
effective commercial IMO production [161]. The pursuit of alternative sources and methods
for IMO production emphasizes the importance of sustainable substrate availability. The
use of biomass as a substrate, combined with enzymatic catalysis, highlights a move to-
wards more environmentally friendly production processes. The enzymatic production
of IMOs typically involves saccharification and hydrolysis processes, employing a variety
of amylase enzymes or combinations thereof, often described as enzyme cocktails. These
enzymes saccharify substrates from disaccharides and oligosaccharides to polysaccharides,
converting them into simpler sugar units that constitute IMOs [162].

These advancements in IMO synthesis underline the significance of optimizing reac-
tion conditions, such as substrate concentration and enzyme activity, to enhance production
efficiency and sustainability. The focus on utilizing renewable resources and developing
eco-friendly processes for IMO production reflects the growing demand for sustainable
industrial practices, particularly in the food and nutraceutical industries, where IMOs are
valued for their functional and health-promoting properties. Utilizing microorganisms
instead of isolated enzymes for the production of isomaltooligosaccharides (IMOs) presents
a cost-effective and efficient approach. Aspergillus oryzae TISTR 3102 enzymes were used in
a solid-state fermentation process with rice and cassava, leveraging the specific enzymes
α-amylase (EC 3.2.1.1) and α-glucosidase (EC 3.2.1.20) for saccharification and hydrolysis,
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respectively. This method led to the production of syrups rich in various IMOs, including
isomaltose, panose, and isomaltotriose, after 5 days of incubation [163].

Chockchaisawasdee and Poosaran explored a three-step enzymatic process with en-
zyme cocktails for IMO production from banana flour. This involved initial liquefaction
with Termamyl SC, saccharification using Fungamyl 800 L and barley β-amylase, and
transglucosidation with Transglucosidase L. The combination of Fungamyl 800 L and
barley β-amylase was particularly effective, yielding high levels of IMOs [164]. Saman et al.
further scaled up this approach, using a 5 L fermenter and substrates such as nongluti-
nous rice flour, glutinous rice flour, and cassava starch for IMO production. The process
included α-amylase for liquefaction, β-amylase and pullulanase for saccharification, and
transglucosidase for transglycosylation, with nonglutinous rice flour yielding the highest
amounts of IMOs such as isomaltose, isomaltotriose, and panose [165]. These studies
demonstrate the versatility and potential of microbial fermentation and enzyme cocktails
for sustainable and efficient IMO production (Figure 7). The optimization of process con-
ditions and enzyme selection is pivotal for the industrial-scale manufacturing of IMOs,
highlighting the progress and possibilities in this domain for creating valuable prebiotic
oligosaccharides. The adoption of recombinant enzymes to enhance the production of
isomaltooligosaccharides (IMOs) represents a significant advancement in biotechnology.
Kaulpiboon et al. used a 30% (w/v) concentration of tapioca starch as a substrate, treated
with a combination of pullulanase, a mutated amylomaltase (Y101S), and transglucosidase
from A. niger. This unique blend of enzymes, especially the synergistic use of both wild-
type and mutated amylomaltase with transglucosidase, enabled the efficient production of
long-chain IMOs under optimal conditions (pH 7.0 and 40 ◦C) [166]. Basu et al. introduced
a simultaneous saccharification and transglucosylation (SST) method for starch-based IMO
production, optimizing enzyme mixture dosages using the Nelder–Mead simplex algo-
rithm. Their approach, especially on substrates such as potato processing waste and broken
rice with specific enzyme dosages, significantly boosted IMO production, highlighting the
effectiveness of the SST method in enhancing yields [167].
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Cui et al. [168] explored the synthesis of IMOs from Chinese chestnut starch slurry,
employing a sequential process involving heat-stable α-amylase, followed by fungal α-
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amylase, β-amylase, pullulanase for saccharification, and α-transglucosidase for transgly-
cosylation. This comprehensive enzymatic process yielded a considerable percentage of
chestnut-derived IMOs, demonstrating the method’s efficiency and the prebiotic potential
of the produced IMOs. These studies underscore the critical role of optimizing enzymatic
processes, including temperature, pH, and enzyme dosage, in maximizing IMO yields.
The strategic employment of various enzymes, tailored to specific substrates and desired
oligosaccharide profiles, signifies the complex yet efficient approach needed for effective
IMO production. Such research is pivotal in pushing forward the industrial production
of IMOs, focusing on process optimization for enhanced yields, cost-effectiveness, and
sustainability. Panose, an isomaltooligosaccharide composed of three glucose units linked
by α(1→4) and α(1→6) glycosidic bonds, is recognized for its distinctive structure affecting
its physical and biological attributes (Table 6). Its production predominantly occurs through
transglucosylation, a process effectively detailed by Prapula et al. [169], which involves
transferring a glucose residue from one molecule to another, using specific microorganisms
such as Aureobasidium pullulans strain KFCC10245. This strain catalyzes the conversion of
substrates to panose under controlled conditions, including a specialized growth medium
and optimal temperature and maltose concentration adjustments, showcasing a method
conducive to industrial-scale production [169]. Further innovation in panose production
involves genetic engineering techniques to enhance efficiency. Casa-Villegas et al. [170]
made significant advancements by genetically modifying Saccharomyces cerevisiae cells to
act as catalytic agents for panose synthesis. This was accomplished by integrating the aglA
gene, encoding for glucosidase, with glycophosphatidylinositol (GPI) anchor sequences
from the SED1 gene, resulting in a hybrid protein anchored to the yeast cell membrane.
This modification improves the stability and efficiency of the enzyme, offering a promising
approach for industrial IMO production [170]. These developments underscore the integra-
tion of microbiology, genetic engineering, and process optimization in the production of
valuable oligosaccharides such as panose. Such strides in biotechnological and industrial
biochemistry fields highlight the potential for scalable, efficient production of prebiotic
compounds, contributing to advancements in food and health industries.

Table 6. Overview of IMOS production from various materials, detailing yields as efficiency indicators
for different processes and their impact on gut health.

SNo Substrate Yield Reference

1 Nonglutinous rice flour 169 g/L [171]
2 Potato processing waste 93 g/L [172]
3 Tapioca starch 68 g/L [173]
4 Banana flour 77 g/L [174]

4. Conclusions

Transforming lignocellulosic biomass into valuable prebiotics such as galactooligosac-
charides, fructooligosaccharides, xylooligosaccharides, isomaltooligosaccharides, and man-
nooligosaccharides is a crucial step towards creating a sustainable bio-economy and enhanc-
ing environmental protection. The emphasis on biological methods, particularly enzymatic
treatments, presents an eco-friendly alternative to chemical synthesis. Despite the poten-
tial, the synthesis of these oligosaccharides confronts challenges such as the lower rate
of transglycosylation compared to hydrolysis, where enzymes tend to break down the
oligosaccharide products more rapidly than they can synthesize them.

To improve the efficiency of these enzymatic reactions, strategies such as using ac-
tivated glycosyl donors to enhance the transglycosylation process have been considered.
However, overcoming obstacles such as the high costs associated with the initial pretreat-
ment of lignocellulosic biomass remains a significant hurdle for large-scale production.
Further research is needed to improve product selectivity, ensuring high yield and purity
of desired oligosaccharides, and to refine purification and separation techniques to boost
the production process’s cost-effectiveness and environmental sustainability.
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Addressing these challenges is crucial for leveraging lignocellulosic biomass as a
source of valuable prebiotic oligosaccharides, contributing to a more sustainable and eco-
friendly bio-economy. This endeavor not only opens up new avenues for the production
of health-promoting prebiotics, but also aligns with global efforts to utilize renewable
resources efficiently and reduce reliance on nonrenewable inputs.
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