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Abstract

Lignocellulosic biomass (LB) is a promising source that has the potential to revolutionize the world of bioenergy, bioproducts,
and nondigestible dietary components. As a substrate, LB has proven to be particularly attractive for the production of high-
value cello-oligosaccharides (COS) and xylo-oligosaccharides (XOS), which offer diverse applications in the food, biophar-
maceutical, and other industries, as well as potential health benefits, including prebiotic and antidiabetic effects. However,
despite these promising developments, the manufacturing of these oligosaccharides remains a challenge due to slow reactions
and low yields. Therefore, this review presents various pretreatment techniques to improve enzymatic hydrolysis, as well as
the possibilities of employing a multi-step process and utilizing thermostable enzymes to enhance the production of COS and
XOS from LB. Additionally, this review addressed the potential for by-product recovery during the XOS and COS production
and the separation of B-glucosidase enzymes using the “separation—adsorption” method in high-temperature and continuous

systems for COS production.
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Overview

Lignocellulosic biomass (LB) is a promising source of
renewable energy, bioproducts, and nondigestible dietary
components (Itelima et al., 2013; Yuansah et al., 2019). Its
versatility makes it an attractive material to explore, particu-
larly in the production of high-value cello-oligosaccharides
(COS) and xylo-oligosaccharides (XOS). As nondigestible
dietary components, XOS and COS have diverse applica-
tions in industries. These oligosaccharides offer promised
health benefits, including antidiabetic and prebiotic char-
acteristics, making them valuable for the food and biophar-
maceutical industries (Lin et al., 2016; Yang et al., 2015a;
Zhong et al., 2020). However, despite these exciting devel-
opments, the production of these oligosaccharides remains
a challenge due to slow reactions and low yields.
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Lignocellulose is formed by three major biopolymer com-
ponents: cellulose, hemicellulose, and lignin (Pointner et al.,
2014). Cellulose and hemicellulose are carbohydrates that
consist of glucose, xylose, mannose, arabinose, and galac-
tose (Wang et al., 2016). When the homopolysaccharide,
cellulose, is partially hydrolyzed by p-1,4-endoglucosidase,
it will release COS and a little amount of glucose. While
heteropolysaccharide, hemicellulose, will release some
oligosaccharides (such as XOS, manno-oligosaccharides
(MOS), arabino-xylo-oligosaccharides (AXOS), etc.) and
monosaccharides (Saville & Saville, 2018; Yuansah, 2019).

A diverse range of oligosaccharides derived from LB has
been found to exhibit various functions. For instance, when
the Bifidobacterium group in the human gut fermented XOS,
it resulted in a notable increase in acetate production (Takagi
et al., 2016). On the other hand, COS showed a significant
increase in acetic acid and propionic acid, while butyric acid
and formic acid remained unchanged (Karnaouri et al., 2019).
Additionally, the fermentation of AXOS by fecal bacteria pro-
duced acetate, propionate, and butyrate (Broekaert et al., 2011).
The specific type of short-chain fatty acids (SCFAs) produced
was dependent on the source of the fecal inoculum and the
type of oligosaccharides. The discrepancies in SCFAs produced
result in various health effects caused by these metabolites in
the human body (Karnaouri et al., 2019; Jian Tan et al., 2014).
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The conversion of LB into high-value oligosaccharides
involves various pretreatment processes and enzymatic
hydrolysis. However, the enzymatic conversion of the cel-
lulose fraction is a slow hydrolysis reaction. To optimize
the oligosaccharide yield from the highly resistant lignocel-
lulose complex structure, proper pretreatment techniques
are necessary (Zoghlami & Paés, 2019). Inhibitors such as
lignin and other polyphenolics must be handled during pre-
treatment before entering the enzyme hydrolysis phase (Lei
Qin et al., 2016; Zoghlami & Paés, 2019). The pretreatment
breaks down the crystalline structure of cellulose, reduces
the degree of polymerization, removes the lignin, and breaks
down hemicelluloses (Baruah et al., 2018). Therefore,
proper pretreatment procedures are essential to achieve the
highest oligosaccharide yield from various lignocellulosic
substrates.

The enzymatic hydrolysis of lignocellulosic biomass for
oligosaccharide production can be optimized by using ther-
mostable enzymes and high temperatures. Utilizing thermo-
philic or thermotolerant microbes to produce such enzymes
can overcome the limitations of lignocellulose hydrolysis.
The use of thermostable enzymes in high-temperature reac-
tions can significantly improve the efficiency and speed
of the process while reducing the risk of contamination
(Giovannoni et al., 2020). Due to the stability of thermo-
stable enzymes, their use in enzymatic hydrolysis leads
to the production of more specialized products and fewer
by-products. This allows for a longer hydrolysis time and
greater flexibility in the configuration process (Giovannoni
et al., 2020; Vasconcellos et al., 2015).

Recent studies have demonstrated that the addition of sur-
factants, such as PEG2000, to alkali treatment, can enhance
the efficiency of the delignification and saccharification pro-
cess of lignocellulosic biomass. This approach can result in
more effective removal of lignin, microstructural destruction,
and higher levels of reducing sugars compared to regular
alkaline treatment. Moreover, surfactants can improve sugar
recovery, reduce enzyme loading, and inhibit enzyme-lignin
interactions during enzymatic hydrolysis (Cheng et al.,
2022). Sonication treatment, particularly ultrasonic-assisted
hydrolysis, can also increase the yield of XOS by disrupt-
ing the molecular aggregation on substrate chains. However,
the energy consumption and production expenses associated
with surfactants and sonication-mediated treatments must be
considered when applied to a wide range of substrates (Zhou
etal., 2021).

To achieve optimal oligosaccharide production from
lignocellulosic biomass, a multi-step process integrating
various stages can be implemented to minimize inhibitors
and improve product yield and process efficiency. Chu et al.
(2014) successfully improved COS yield to 51.78% and
enzymatic hydrolysis yield to 75.56% by using a three-stage
enzymatic hydrolysis process and separating the product
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after each hydrolysis step to prevent product accumulation
and enzyme inhibition. According to the literature, proper
pretreatment and a multi-step process using thermostable
enzymes can further optimize the enzymatic activity and
product yields of XOS and COS. This article provides a brief
description of lignocellulose sources and their potential as
enzyme substrates for functional oligosaccharide production
to facilitate the selection of the optimal substrate for the
manufacture of COS and XOS. With the idea of enhancing
product yields through suitable pretreatment and a multi-step
enzymatic process, this article aims to make it easier for
researchers to find the strategies to produce COS and XOS.

Lignocellulose Source for Functional
Oligosaccharides Production

Agricultural waste is the primary source of lignocellulose,
which is made up of biopolymers such as cellulose, hemi-
cellulose, and lignin. The agro-waste product lignocellulose
consists of cellulose (40-50%), hemicellulose (20-30%), and
lignin (10-25%) (Maheshwari, 2018; Sharma et al., 2019).
Because of their availability and abundance of essential pol-
ysaccharides, cellulose (consisting of p-glucose) and hemi-
cellulose (consisting of glucose, mannose, xylose, arabinose,
galactose, etc.), agricultural waste such as rice straw (Hu
etal., 2021; Li et al., 2018), rice husk (Khat-udomkiri et al.,
2020), wheat straw (Collins et al., 2014; Shrivastava et al.,
2014), sugarcane bagasse (de Souza et al., 2013; Guilherme
et al., 2015), sugarcane straw (Barbarosa et al., 2020), cacao
pod (Lu et al., 2018), sago pith residue (Husin et al., 2019),
corncob (Li et al., 2014; Silva et al., 2015), apple pomace
(Hijosa-Valsero et al., 2017), red algae (Rabemanolontsoa
& Saka, 2013), silvergrass (Kendrick et al., 2022), jiuzao
(Ligin Qin et al., 2022), banana pseudostem pulp (Diaz
et al., 2021), Eucalyptus by-product (Neto et al., 2020),
and birch and spruce wood (Karnaouri et al., 2019) can be
potential candidates as an enzymatic substrate to produce
xylo- and cello-oligosaccharides.

The main component of lignocellulosic biomass is cel-
lulose, which is the most widespread and easily accessible
carbohydrate polymer on the planet and a primary polysac-
charide element of plant cell walls (Maheshwari, 2018).
Cellulose is a homopolysaccharide, a carbohydrate biopol-
ymer composed of monomeric B-p-glucopyranose linked
together by a 1,4-glycosidic bond. The structure of the
cellulose chain consisted of 500-1400 B-p-glucopyranose
(p-glucose) molecules that packed together to form micro-
fibrils. A macrofibril (cellulose fibrils) is made up of
microfibrils that have been joined together. Because of
the presence of cellulose fibrils, lignocellulosic biomass is
particularly resistant to enzymatic hydrolysis (Zoghlami &
Paés, 2019). Cello-oligosaccharides can be manufactured
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by hydrolyzing cellulose using B-glucosidase-deficient
cellulases (Chu et al., 2014). Hemicellulose is the sec-
ond most common substance after cellulose (Maheshwari,
2018). Hemicellulose is a heteropolysaccharide made up
of several different carbohydrate monomers, particularly
pentoses sugar units such as xylose and arabinose, hexoses
sugar units such as mannose, glucose, and galactose, along
with acylated sugar, which is represented in varying ratios
in diverse materials (Dionisi et al., 2014; Maheshwari,
2018). In hardwoods, xylan is the most common biopoly-
mer, while in softwoods, glucomannan is the most abun-
dant (Dionisi et al., 2014). Hemicellulose can be partially
hydrolyzed and degraded into XOS utilizing endo-1,4-p-
xylanase (Moser et al., 2014).

Enzyme Inhibitors in Lignocellulosic Biomass

The pretreatment of biomass plays a crucial role in reducing
the presence of inhibitors, such as lignin, phenolic groups,
and sugars, that can naturally accumulate or be generated
during the production process (Hu et al., 2016; Lei Qin
et al., 2016). Hydrothermal pretreatment, for example, can
produce acetic acid and furan aldehydes as by-products,
while mild alkaline pretreatment removes lignin and some
hemicellulose, producing side products such as acetic acid,
hydroxy acids, dicarboxylic acids, and phenolic compounds
(Chu et al., 2018; Jonsson & Martin, 2016; Marcondes et al.,
2020; Santo et al., 2018). Phenolic compounds, in particular,
can strongly inhibit the activity of amylase and cellulase
enzymes (Desseaux et al., 2018; Gonzalez-Bautista et al.,
2017). It is worth noting that some oligosaccharides, such
as XOS and GOS, produced from hydrothermal pretreat-
ment, can strongly inhibit the action of cellulase enzymes,
particularly cellobiohydrolase (CBH). However, the inhi-
bition of endoglucanase (EG) action by these oligosaccha-
rides is weaker than that of CBH (Kont et al., 2013). High
concentrations of monosaccharides can also significantly
inhibit the activities of EG and CBH enzymes, although
B-glucosidase is less affected, except by glucose (Hsieh
et al., 2014) (Table 1). Thus, it is important to consider the
inhibitor content of substances when selecting materials for
the enzymatic process. Using materials with lower inhibitor
content will require milder pretreatment, but using resistant
materials is preferable for effective waste treatment.

Pretreatment Techniques to Improve
Enzymatic Hydrolysis Process

There are several pretreatment strategies available to opti-
mize the oligosaccharide yield from lignocellulose biomass
conversion. Because of its complex structure, the crystal-
linity of cellulose, and porosity, lignocellulose is highly

resistant to enzymatic hydrolysis (Zoghlami & Paés, 2019).
Various inhibitors, such as lignin and other polyphenolic
compounds, must be treated in the pretreatment step before
entering the enzyme hydrolysis phase (Lei Qin et al., 2016;
Zoghlami & Paés, 2019). The objective of the pretreatment
process is to break down the crystalline structure of cellu-
lose and minimize the degree of polymerization, eliminating
all lignin and breaking down hemicelluloses (Baruah et al.,
2018). Proper pretreatment strategies are required to obtain
the greatest yield of oligosaccharides from the bioconversion
of different lignocellulosic substrates (Table 2).

The pretreatment process can result in the removal of
lignin and the destruction of the microcrystalline structure
of cellulose, as well as the formation of oligosaccharides and
monosaccharides. For example, liquid hot water pretreatment
generates sugar and oligosaccharides, but the concentration
of the sugar is quite low (Huang et al., 2017). The hemicel-
lulose concentration was drastically reduced, although only
minimal alterations in cellulose and lignin were identified
(Antczak et al., 2022). Alkali pretreatment can significantly
reduce lignin while producing fewer unwanted inhibitors.
It also consumes little energy. However, there remains a
possibility that this pretreatment will result in unrecovered
salt (Jinyu Tan et al., 2021). Acid pretreatment can also dis-
rupt the lignocellulose and amorphous cellulose structures.
Unfortunately, in contrast with alkali pretreatment, this pre-
treatment consumes a large amount of energy and generates
a large number of byproducts (Solarte-toro et al., 2019; Jinyu
Tan et al., 2021). Nowadays, research using greener technol-
ogy using organic solvents such as ionic liquid (IL) (choline,
pyridine, chloride, acetate, and imidazole) and deep eutectic
solvent (DES) that are more favorable with enzymes and
microbes. However, these approaches still face challenges
because the solvent recovery of iLs will cost more than
other solvents, while DESs have disadvantages such as high
viscosity and toxicity (Jinyu Tan et al., 2021; Zhao et al.,
2022). To improve the effectiveness of lignocellulosic waste
pretreatment, a combination of pretreatment techniques is
often used.

Potential Microbial Thermostable Enzymes
Source for Lignocellulose Bioconversion

Enzymatic conversion of lignocellulosic biomass, par-
ticularly the cellulose fraction, is typically carried out at
40-50 °C, which is considered a slow hydrolysis reac-
tion. The hydrolysis process has a low sugar yield, partial
hydrolysis, and a high risk of microbial contamination (Patel
et al., 2019). These limitations could be overcome by using
thermophilic or thermotolerant microbes to produce thermo-
stable enzymes for lignocellulosic bioconversion (Table 3).
Thermostable enzymes have the advantage of being able
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to be stored at room temperature for longer periods than
standard enzymes. Furthermore, the high-temperature pro-
cess should avoid microbial contamination during hydrolysis
and reduce the risk of contamination and enzyme activity
loss during processing. Thermostable enzymes also enable
more stable, rapid, and efficient reactions (Giovannoni et al.,
2020; Vasconcellos et al., 2015).

Thermostable enzymes are known for their remarkable
thermostability, defined as their ability to maintain their
functionality and activity under high-temperature condi-
tions without a significant decline in activity over a long
period. In particular, thermostable enzymes are essential
for efficient lignocellulosic bioconversion and are recom-
mended to withstand hydrolysis temperatures above 50 to
80 °C. Enzymes from hyperthermophilic bacteria, which
exhibit optimal conditions ranging from 80 to 110 °C, can
be applied. However, it is important to carefully consider the
energy and hydrolysis time required, as higher temperatures
require higher energy consumption. Moreover, the applica-
tion of higher temperatures in the process may lead to the
degradation or loss of thermolabile compounds (e.g., volatile
compound, plant pigment, etc.) (Linares-Pasten et al., 2014;
Patel et al., 2019).

Several thermophilic microorganisms have demonstrated
their capability to produce thermostable enzymes that can be
utilized for the bioconversion of lignocellulosic biomass. For
instance, EG can be produced by Aspergillus terreus RWY
and Thermobifidia fusca UPMC 901, with optimal active
conditions of 50-60 °C and 4.0-6.0 (Sharma et al., 2014;
Zainudin et al., 2019). In the same environment, Aspergil-
lus terreus RWY can produce CBH and xylanases (Sharma
et al., 2014). Xylanases from Aspergillus fumigatus JCM
10253 are stable at 50 °C for 144 h. Aspergillus fumigatus
JCM 10253 and Geobacillus sp. HTA426 also show cellu-
lase activity at 50—60 °C (Saroj et al., 2018). Endoglucanase
and endoxylosidase activities are essential for COS and XOS
production (Barbarosa et al., 2020; Cano et al., 2020).

Multi-step Process and Enzymatic
Hydrolysis Condition to Produce Cello-
and Xylo-oligosaccharides

Enzymatic hydrolysis of lignocellulosic material can pro-
duce useful compounds like xylo- and cello-oligosaccha-
rides. Both of these items have several health benefits,
including prebiotic and antidiabetic properties (Lin et al.,
2016; J. ; Zhong et al., 2020). The production of cello- and
xylo-oligosaccharides from lignocellulosic biomass can
be carried out in a multi-step process. Firstly, the pre-
treatment can be applied to the lignocellulosic biomass
to destroy the lignin stealth, reducing the crystallinity of
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cellulose, and also break down the hemicellulose (Baruah
et al., 2018).

In pretreatment I, hydrothermal pretreatment can be used
to break down the crystalline structure of the lignocellulosic
complex and to degrade hemicellulose. There has been no
significant reduction in total lignin at this point, but there
has been a change in the soluble and insoluble lignin frac-
tions. At this point, XOS is also being produced (Xue Chen
et al., 2016; Marcondes et al., 2020; Santo et al., 2018).

Under ideal circumstances, hydrothermal pretreatment
has been shown to generate XOS in the range of 21.3 to
80.40% with minimal production of byproducts (Ligin Qin
et al., 2022; Wang et al., 2021a, b; Zhang et al., 2022). The
temperature range used for hydrothermal pretreatment var-
ies from 150 215 °C, with a duration of 5.5 min to 2 h. The
most commonly used temperature for hydrothermal pretreat-
ment is around 160 ‘C, which takes into account energy con-
sumption and prevents further degradation of compounds
that could occur at higher temperatures (Capetti et al., 2023;
Neto et al., 2020; Xiong et al., 2023). The determination
of optimal conditions is dependent on the specific type of
biomass being utilized (Table 4).

For instance, Marcondes et al. (2020) carried out hydro-
thermal pretreatment under optimum conditions at 182 °C
for 5.5 min in the absence of an external catalyst to pro-
duce +43.61% XOS and+2.26% xylose. The XOS and
xylose produced from this step accumulated in the liquid
fraction, while the solid fraction still consists of cellulose,
xylan, and lignin. In another recent study, Xiong et al. (2023)
produced XOS from bamboo by using hydrothermal pre-
treatment at 160°C and 120 min with the addition of 0.2 M
formic acid, resulting in approximately 68.04% of initial
xylan present.

Santo et al. (2018) observed physical changes in the lig-
nocellulosic structure during hydrothermal pretreatment.
The hydrothermal pretreatment separated the fibers on the
bundle surface from the others, but there was no significant
difference in total lignin. Images from field emission scan-
ning electron microscopy (FESEM) and confocal laser scan-
ning microscopy (CLSM) show that lignin is redistributed
and that no lignin accumulates on the surface. This is due
to variations in the soluble and insoluble lignin fractions
(Fig. 1).

The solid phase is recommended to undergo delignifi-
cation (pretreatment II) after hydrothermal pretreatment
to eliminate lignin and obtain a cellulose-rich solid with
a minimal amount of lignin. This process aims to enhance
enzymatic hydrolysis by reducing inhibitors (Lei Qin et al.,
2016; Sun et al., 2016a, b; Zoghlami & Pag&s, 2019). Alkaline
pretreatment is a preferable method to eliminate a signifi-
cant amount of lignin without producing unwanted inhibitor
byproducts (Martin et al., 2022; Jinyu Tan et al., 2021).
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Table 4 Hydrothermal pretreatment strategy for producing XOS

No Biomass

Temperature Time

Other condition

Efficiency

Ref

1 Sugarcane bagasse

2 Sugarcane bagasse

3 Jiuzao

4 Banana pseudostem pulp

5  Corn stover

6  Chinese hickory shell

7  Corncob

8  Bamboo

9 Eucalyptus by-product

10 Poplar

182 °C

160 °C

181.5 °C

5.5 min

30 min

20 min

Upto 150°C -

215°C

160 °C

160 °C

160 °C

161 °C

170 °C

1.5h

2h

60 min

120 min

65 min

50 min

Solid/liquid ratio, 1:11 (W/v);
agitation speed, 120 rpm in
8L-Parr Reactor

Solid/liquid ratio, 1:10 (g/
mL); pressure, 7 Bar

Solid/liquid ratio, 1:13.6 (g/
mL); particle size,>?20
mesh

Solid/liquid ratio, 1:11 (W/v);
non-isothermal condition

Solid/liquid ratio, 1:20 (W/v);
combined with mechanical
pretreatment (ball-mill and
ultrasound)

Solid/liquid ratio, 1:10 (w/v)

Solid/liquid ratio, 1:10 (W/v);
pressure, 73 Psi; in 1L-Parr
Reactor

Solid/liquid ratio, 1:10 (W/v);
addition of 0.2 M formic
acid

Solid loading, 10% (w/v);
agitation speed, 4 rpm in
1.5 L steel reactor

Solid/liquid ratio, 1:10 (w/v)

43.61% XOS and 2.26%
xylose

79.2% cellulose, 5.2% hemi-
cellulose, and 10.9% lignin

21.3% XOS

47.39% glucan, 10.43%
xylan, 4.54% arabinan,
and 14.41% Klason lignin;
enzymatic digestibility
78.62%

80.40% XOS (26.97% for
total xylotetraose, xylotri-
ose, and xylobiose)

55.3% XOS with the low
formation of by-product

16.7% xylan and 30% lignin

68.04% XOS from initial
xylan

60 mg XOS/g Eucalyptus
by-product

Marcondes et al. (2020)

Santo et al. (2018)

Qin et al. (2022)

Diaz et al. (2021)

Zhang et al. (2022)

Wang et al. (2021a, b)

Capetti et al. (2023)

Xiong et al. (2023)

Neto et al. (2020)

Deliginification: 24.9%; yield, Su et al. (2021)

35.4% XOS (DP 2-6) and
17.6% xylans (DP > 6)

Under optimal conditions, alkaline pretreatment can also
recover a specific amount of xylan (35-89.4%) and lignin
(14.2-92.6%) (Capetti et al., 2023; Sun et al., 20164, b;
Wang et al., 2021a, b). The liquid residue obtained from
this process contains a significant amount of lignin, which
can be utilized to manufacture various materials such as
adhesives, composites, and carbon fibers. Additionally, the
solid fraction that is rich in cellulose can be utilized as a
substrate for the production of COS (Capetti et al., 2023;
Neto et al., 2020; Sun et al., 2016a, b). The yield obtained
from alkaline pretreatment may differ based on the type of
biomass used and the specific conditions employed during
the pretreatment process (Table 5).

For instance, a combination of alkaline sulphonation
and steam pretreatment was applied by Chu et al. (2018) to
eliminate approximately 69.37% lignin. Khat et al. (2018)
found that the optimal conditions for alkaline pretreat-
ment to recover XOS were 12—18% alkaline concentration,
110-120 °C temperature, and 37.5-40 min of steaming time.
This process significantly increases cellulose accessibility

@ Springer

(Avila—Lara et al., 2015; Chu et al., 2018; Yuansah et al.,
2019) (Fig. 2).

Sun et al. (2016a, b) investigated the alkaline treatment
of rice straw to extract lignin and obtain cellulose-rich sub-
strates. The treatment involved using 1.5% aqueous NaOH
at a temperature of 80 °C for a duration of 3 h with a solid-
to-liquid ratio of 1:10 (g/mL). As a result, they obtained
post-treated substrates that were rich in cellulose. The lignin
yield was 14.2 g, which had a purity of 99.2%, and 30.86 g
of cellulose-rich solid was obtained per 100 g of rice straw.

Delignified cellulose-rich solids can be hydrolyzed at
this stage to produce COS using thermostable enzymes.
The residual xylan may still be present in the solids, lead-
ing to the formation of XOS. Thermostable enzymes are
preferred because they reduce the risk of contamination, are
more stable for longer hydrolysis times, and may result in
a lower hydrolysis charge (Giovannoni et al., 2020). Endo-
glucanase isolated from Thermobifidia fusca UPMC901 has
been reported to be active for up to 144 h at a temperature
of 50-60 °C without loss of activity (Zainudin et al., 2019).
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Fig. 1 SEM imaging of a untreated lignocellulose structure; b hydro-
thermal pretreatment, in which fibers become more separated from
the surface of the fiber bundle; and ¢ alkaline pretreatment, in which
lignin is dissolved and pores are increased. CLSM imaging of d

Various strategies can be employed to achieve opti-
mal yields of COS, and these may vary depending on the
biomass characteristics and pretreatment methods used
before entering this stage. Some approaches involve using
enzymes simultaneously, taking advantage of their synergis-
tic effects, while others adopt a sequential approach, taking
into account potential product inhibition (Barbarosa et al.,
2020; Chu et al., 2014; Diaz et al., 2021; Kendrick et al.,
2022) (Table 6).

For example, Avila and Goldbeck (2022) added ther-
mostable enzymes simultaneously, including endo-1,4-
p-glucanase (GH12) from Aspergillus niger, exo-1,4-f-
glucanase (GHS) from Trichoderma longibrachiatum, and
feruloyl esterase (CE1) from Clostridium thermocellum,
to hydrolyze sugarcane straw, resulting in a COS yield of
67.60 mg/g of substrate and 4.17 mg of glucose/g of sub-
strate. Similarly, Chu et al. (2014) utilized cellulase C2730
to hydrolyze sugarcane straw and obtained a COS yield
of 51.78%. Another method involves stepwise enzymatic
hydrolysis, as demonstrated by Li et al. (2019), who sepa-
rated the products after bioconversion carried out sequen-
tially by xylanase and cellulase, resulting in a total conver-
sion of cellulose of 91.51%. Separation of products is crucial
in this process, as the hydrolyzate of xylanase conversions,
such as XOS and its derivatives, may inhibit the cellulases.

0 pm %
! v “' —

AN
\\\‘ \

untreated lignocellulose structure; e hydrothermal-pretreated ligno-
cellulose; and f alkaline-pretreated lignocellulose (Avila-Lara et al.,
2015; Santo et al., 2018)

Therefore, removing the product from the system allows the
cellulase activity to proceed unhindered.

The performance of cellulase mixtures can also be
improved by separating p-glucosidase (BG) from EG and
CBH. The process can be accomplished by using thermosta-
ble cellulases and carrying out the “adsorption—separation”
method. This involves separating the B-glucosidases from the
EGs and CBHs at a temperature of 10 °C and a pH of 7.0.
The retention of CMCase is improved, while the retention
of pB-glucosidase is decreased by adjusting the pH close to
the p/ of the BGs, which is 8.7. The BGs can be separated
and accumulated in the supernatant during centrifugation.
Once B-glucosidase is separated from cellulases, the process
can be performed at elevated temperatures up to 50-60 °C
to optimize the activity of endoglucanase. The hydrolysis
process involves three stages and can improve the total COS
yield accumulated in each step by approximately 51.78%,
with hydrolysis reaching approximately 75.56%. This method
was reported by Chu et al. (2014) (Fig. 3).

This multi-step process using thermostable enzymes has
the potential to improve the yield of COS and XOS pro-
duction, decrease the use of enzyme concentration, have a
quick hydrolysis time, and eliminate the risk of contamina-
tion. Furthermore, the gradual separation of products in the
system in a multi-step process minimizes the inhibition of

@ Springer
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Table 5 Alkaline treatment strategy for producing XOS and cellulose-rich solid

No Biomass

Alkaline concentration

Time

Other condition

Efficiency

Ref

1 Sugarcane straw

24% (w/v) KOH

180 min Solid loading, 8%; T,

2 Corncob 1% (w/v) NaOH 40 min
3 Rice husk 12% (w/v) NaOH 30 min
4 Sugarcane bagasse 1% (w/v) NaOH 1h
5  Sugarcane bagasse 1% (w/v) NaOH 6h
6  Corn stalk 8% (w/v) NaClO, 2h
7  Corn stover 2% (w/v) NaOH in 1h
methanol
8  Miscanthus sinensis 0.9% (w/v) NaOH 10 min
9 Nothofagus pumilio 2% (w/v) NaOH 20 min
sawdust
10 Rice straw 1.5% (w/v) NaOH 3h

35°C

Solid/liquid ratio, 1:10
(w/v); T, 121 °C

Solid/liquid ratio, 1:10
(wlv); T, 133.69 °C

Solid/liquid ratio, 1:20
(w/v); T, 100 °C; o,
80 rpm

Solid/liquid ratio, 1:20
(w/w); T, 70 °C; addi-
tion of 1.5% H,0,

Solid/liquid ratio, 1:5
(w/v); T, 70 °C

Solid/liquid ratio, 1:2
(w/w); T, 80 °C

Solid loading, 10%
(w/v); T, 121 °C;
addition of 1% sur-
factant PEG 2000

Solid/liquid ratio, 1:20
(w/v); T, 121 °C; P,
1 atm

Solid/liquid ratio, 1:15
(w/v); T: 80 °C;

Hemicellulose solubil-
ity, 82.18%; delignifi-
cation, 91.18%

35% xylan and 8.3%
lignin

54.49% of xylan recov-
ered

Partially solubilized
lignin from 40 to 19%
and residual hemicel-
lulose is not detected

Klason lignin removal,
84.45%; cellulose
recovery, 91.91%;
xylan recovery,
61.87% (low loss of
valuable polysaccha-
rides)

Delignification, 92.6%;
residual lignin, 2%;
hemicellulose, 83.3%

Delignification, > 70%;
glucan recovery,
97.4%; xylan recov-
ery, 89.4%

Lignin significantly
decreased in pre-
treated Michantus,
15.2%

Delignification, 87%;
xylan recovery, 62%

Yields, 14.20 g
lignin/100 g rice straw
(liquid) and 30.8 g
cellulose/100 g rice
straw (solid)

Avila and Goldbeck
(2022)

Capetti et al. (2023)

Khat-udomkiri et al.
(2020)

Marcondes et al. (2020)

Li et al. (2019)

Wang et al. (2021a, b)

Gong et al. (2020)

Cheng et al. (2022)

Lehuedé et al. (2023)

(Sun et al., 20164, b)

enzyme action due to product accumulation, allowing for a
higher total yield of the desired product (Chu et al., 2014;
Patel et al., 2019). Chu et al. (2014) developed a strategy
for COS production using a cellulase enzyme-deficient BG
by performing the “adsorption—separation” method and
multi-step enzymatic hydrolysis repeated three times. The
product from each stage is separated from the process to
avoid enzyme inhibition. The hydrolysis scheme gradually
hydrolyzed the substrate over 6 h, 6 h, and 12 h, yielding
COS of 20.40%, 15.53%, and 15.85%, respectively, for a
total yield of 51.78%.

Because a large portion of COS will be produced
through enzymatic processes, cellulase inhibitors such as
xylan and its derivatives must be separated at each stage
to achieve optimal yields. This product can be made using

@ Springer

a multi-step enzymatic hydrolysis process. Unlike COS,
XOS will accumulate during pretreatment stages I, II, and
the first stage of enzymatic hydrolysis (Fig. 4). Product
separation at each stage of multi-step enzymatic hydrolysis
keeps XOS from being hydrolyzed further to the monosac-
charide xylose. Several studies from Hao et al. (2022) and
Zhang et al. (2021) used xylanase—cellulase enzymes in
multi-step enzymatic hydrolysis. According to the find-
ings, XOS was only detected in the first step of enzymatic
hydrolysis. Further hydrolysis revealed only monosaccha-
ride accumulation (Table 6). In order to separate the solu-
ble oligosaccharide-rich products from multiple stages,
various purification methods were employed to collect and
isolate COS, XOS, sugars, and other compounds such as
phenolic compounds and lignin derivatives (Fig. 4).
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Fig.2 Hydrothermal pretreatment response surface for XOS yields
a in the absence of acid, b for XOS maximum and xylose minimum
yields. The alkaline pretreatment response surface is affected by ¢ the

Purification Strategies for XOS and COS

The purification of XOS and COS products is a crucial step in
producing high-quality and pure products, as impurities can
negatively impact their quality. The success of this stage can
determine the selling value of the product. Strategies such as
activated carbon, filtration, and columns are commonly used
to remove color, protein, and salt, and collect XOS, COS,
sugar, phenolic, and lignin (Jiang et al., 2021; Kim et al.,
2022; Wang et al., 2021a, b; Wijaya et al., 2020) (Table 7).

A: Temperature (°C)

Desirability

0.792 200

C: [Acid] (% w/w) 028

D

Xylan recovery (%)

39.00

33.00
27.00
21.00

B: Steaming time (min)

104.00
96.00
C: Steaming temperature

NS

80.00 15.00

effect of steam temperature and NaOH concentration and d steaming
temperature and time (Khat et al., 2018; Marcondes et al., 2020)

For instance, Jiang et al. (2021) utilized multi-stage
purification to purify products obtained from the enzy-
matic hydrolysis of bamboo. They achieved a decoloriza-
tion efficiency of 53.3% from activated carbon, 77.7% for
deproteinization, and a sugar loss of 2% from ion exchange.
Furthermore, they attained an 80% desalination rate, a 7.1%
sugar loss rate, and an 85.7% decolorization rate from ion
exchange. Ultrafiltration resulted in an XOS recovery rate of
93.3%, with 9.4% of sugar loss and a decrease in monosac-
charides from 14.6 to 6.7%.

@ Springer
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Table 6 (continued)
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enzyme loading, 1.75:1:1.34 4.17 mg glucose/g

from Aspergillus niger + Exo-

(mg/g) (GH12:GHS5:CEl);
pH 5; T, 50 °C; »: 1000 rpm;

1,4-p-glucanase (GHS) from
Trichoderma longibrachia-

tum + feruloyl Esterase (CE1) t,48 h
from Clostridium thermocel-

lum
Xylanase (SUNSON Industry

Lietal. (2019)

Cellulose conversion: 91.51%

Substrate loading, 2% (w/v);

Combination

12 Sugarcane bagasse

enzyme loading: xylanase,
300 IU/g; cellulase, 25
FPU/g; pH 5; T, 50 °C; o,

Group Co., Ltd) and Cellulase
(Imperial Jade Bio-Technol-

ogy Co., Ltd)

800 rpm; additives, sodium

azide (0.02% w/v)

In a recent investigation, Kim et al. (2022) conducted
a multi-step purification process that involved peroxidase-
mediated polymerization to remove 50.2% of the phenolic
compounds. After that, diafiltration was used to eliminate
72.8% of the phenolic compounds while only incurring an
XOS loss of 4.1%. The study also concluded that activated
carbon is not a suitable method for XOS purification since it
tends to absorb more xylotriose and xylobiose than xylose.

Bioactivities of Cello-
and Xylo-Oligosaccharides

COS can act as prebiotics by promoting the growth of good
microbiota in the gut, such as Clostridium butyricum, Lactococ-
cus lactis, Lactobacillus paracasei, and Lactobacillus rhamno-
sus, whereas XOS stimulates the bacterial groups bifidobacilli
and lactobacilli (Khat-udomkiri et al., 2020; Zhong et al., 2020).

Zhong et al. (2020) conducted a study that illustrated the
prebiotic effect of COS with DP 3-6. The result showed a
loss of the insoluble fraction by < 10 mol% and an increase
in the cell density for C. butyricum, L. lactis, L. paracasei,
and L. rhamnosus, up to 4.1-fold. In another study, Lin et al.
(2016) demonstrated that XOS supplementation in humans
significantly increased the growth of Bifidobacterium and
lactobacilli. Specifically, Bifidobacterium spp. increased
by more than 10 Log CFU/g feces, and Lactobacillus spp.
increased by more than 8 Log CFU/g feces.

The gut microbiota can produce SCFAs through the fer-
mentation of undigested or partially digested polysaccha-
rides in the large intestine, particularly COS and XOS. In a
study by Takagi et al. (2016), prebiotics were used to stim-
ulate the Bifidobacterium group of bacteria in the human
gut, and it was found that XOS led to a significant increase
in acetate production of approximately 1.23 mM. Another
study by Karnaouri et al. (2019) investigated the prebiotic
potential of a COS-rich hydrolyzate from spruce against L.
plantarum. The results showed a significant increase in ace-
tic acid by 0.6% and propionate acid by 0.1%, while butyric
acid and formic acid did not experience significant changes.

Most bacteria produce SCFAs through the glycolytic
pathway, while some bacteria, such as Bifidobacteria, can
produce them through the pentose phosphate pathway. In
addition, certain bacteria, such as acetogens, can produce
SCFAs via other pathways, such as the Wood-Ljungdahl
pathway for acetate (C2) production (Jian Tan et al., 2014).
The succinate pathway is the dominant route for the produc-
tion of fecal propionate (C3), which has been linked to the
relative abundance of Bacteroidetes in the gut microbiota.
Butyrate producers (e.g., Faecalibacterium, Eubacterium,
and Roseburia) predominantly use the butyryl-CoA:acetate
CoA-transferase pathway to produce butyrate (C4). Interest-
ingly, only a few anaerobes, such as Roseburia inulinivorans
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Fig.3 Schematic diagram of adsorption—separation method developed by Chu et al. (2014)

and Coprococcus catus, can produce both SCFAs (Rios-
Covian et al., 2016).

COS and XOS fermentation by gut microbiota lead to an
increase of SCFAs in the human intestine, which play an impor-
tant anti-inflammatory role by increasing immune cell chemo-
taxis and acting as an antimicrobial by disrupting osmotic and
pH balance (Jian Tan et al., 2014). XOS also has antidiabetic
activity in type 2 diabetic rats by regulating blood glucose levels
and increasing glucose tolerance (Khat-udomkiri et al., 2020)
(Fig. 5).

A

Solid Fraction
(Cellulose, Xylan, Lignin)

Lignocellulosic Biomass

Pretreatment I
(Hydrothermal)

Liquid Fraction
(XOS and Xylose)

Pretreatment ﬁ

Khat-udomkiri et al. (2020) conducted a study to investi-
gate the potential antihyperglycemic effect of XOS derived
from rice husk. The study findings indicated that XOS
reduced the cecal pH in diabetic and control rats. Addition-
ally, XOS supplementation increased the levels of SCFAs
in the cecal content of normal and diabetic rats, particularly
propionate and butyrate. These increases in AMPK phos-
phorylation and GLUT4 protein expression lead to improved
glucose uptake and reduced triglyceride concentration.
According to the findings, the modulation of endotoxemia
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Fig.4 Schematic diagram of multi-step enzymatic hydrolysis strategy for COS and XOS production
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Table 7 Potential purification strategies for XOS and COS

Biomass Purification strategy

Purification efficiency Ref

Bamboo Activated carbon (0.5%)

Ultrafiltration (10 kDa filter)

Ion exchange (amberlite, 732 strong acid

cation exchange resin 0.096 (v/v) and

amberlite FPA53 anion exchange resin,

0.090 (v/v))

Nanofiltration (100-300 Da concentration

ratio, 9.1)

Palm oil empty fruit bunch

T, 25 °C)

Diafiltration with ultrafiltration membrane

MW limit 1 kDa and Diameter, 4 cm
using stirred cell

Nanofiltration NTR-7450

Corn stalk Activated carbon powder (4% (w/v))

Northofagus pumilio sawdust  Stirred ultrafiltration cell (Ultracel 10 kDa,

200 rpm)

Peroxidase-mediated polymerization (per-
oxidase 40 U/mL and 0.1% H,0, at pH 7;

Decolorization, 53.3% Jiang et al. (2021)
Sugar loss rate, 2%; deproteinization, 77.7%

Desalination rate, 80%; sugar loss rate,
7.1%

XOS recovery, 93.3%; sugar loss rate,
9.4%; monosaccharide decrease from
14.6% to 6.7%

Phenolic compound removal rate, 50.2% Kim et al. (2022)

Phenolic compound removal rate, 72.8%;
XOS loss rate, 4.1%

Recovery rate, 42.4%; maximum value of
xylobiose, 90.1%

XOS purity, 96.3%; XOS yield, 77.4%;
color value, 814

Wijaya et al. (2020)
Wang et al. (2021a, b)

NaOH pretreatment residue removal, 2%;
extracted xylan, 62.5% (no loss during
pretreatment)

Lehuedé et al. (2023)

and improvement of gut dysbiosis could be the primary
mechanism underlying XOS’s antihyperglycemic effect.

Market Potential and Commercial
Availability of XOS and COS

The market for prebiotics, including XOS and COS, is
expanding due to the growing awareness of gut health
and the benefits of a healthy gut microbiome. According
to Amorim et al. (2019), the global prebiotics market is
expected to reach US$7.37 billion by 2023, with a com-
pound annual growth rate of 10.4% from 2020 to 2025. The
market potential for XOS and COS is specifically driven

Fig.5 Bioactivity potential of
COS and XOS
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by their prebiotic properties, which can improve digestion,
enhance immune function, and promote the growth of ben-
eficial gut bacteria (Khat-udomkiri et al., 2020; Jian Tan
et al., 2014; Zhong et al., 2020).

XOS is available in various commercially viable forms,
including powders, supplements, prebiotic foods, and drinks,
owing to their production from various sources, such as agri-
cultural waste, forestry waste, and food processing waste.
However, the high cost associated with COS production has
resulted in a limited and highly specialized market, primarily
for analytical applications. Some common trade names for
XOS and COS, including xylobiose, xylotriose, xylotetra-
ose, xylopentaose, xylohexaose, cellobiose, cellotriose, cel-
lotetraose, cellopentaose, and cellohexaose, were provided

SCFAs T

Anti-inflamatory
Anti-microbial

Gut MicrobiotaT

Pen ‘V
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Table 8 Prices of commercial XOS and COS

Product Provider Purity Price
Xylobiose Megazyme, Ireland >95% US$3.91/mg
Xylobiose Sigma-Aldrich, US >90% US$22.52/mg
Xylotriose Megazyme, Ireland >90% US$3.91/mg
Xylotetraose Megazyme, Ireland >95% US$6.52/mg
Xylopentaose Megazyme, Ireland >95% US$16.06/mg
Xylohexaose Megazyme, Ireland >95% US$21.27/mg
Cellobiose Sigma-Aldrich, USA >98% US$6.51/g
Cellotriose Megazyme, Ireland >90% US$3.96/mg
Cellotetraose Megazyme, Ireland >95% US$4.19/mg
Cellotetraose Sigma-Aldrich, USA >85% US$70.61/mg
Cellopentaose Megazyme, Ireland >95% US$8.40/mg
Cellohexaose Megazyme, Ireland >95% US$18.82/mg

by Megazyme and Sigma-Aldrich (Barbarosa et al., 2020;
Chen et al., 2021) (Table 8).

The market price of XOS and COS can vary depending
on the source material, degree of purity, and production
process. According to Lan et al. (2021), the minimum sell-
ing price of XOS ranges from US$3430 to 7500/MT for the
baseline case with 80% XOS content, US$4030 to 8970/MT
for 90% content, and US$4840 to 10,640/MT for 95% con-
tent. Barbarosa et al. (2020) conducted a techno-economic
analysis of COS production and found that the unit produc-
tion cost of cellopentaose varies between US$0.40 and 1.15/
mg. A recent study by Xiong et al. (2023) estimated revenue
of US$118.86 from the production of XOS, glucose, and
lignin by enzymatic processing of 100 kg of waste bamboo,
accounting for the cost of enzymes used during the process.

Challenges and Future Work

Pretreatment By-product Recovery During
Production of XOS and COS

In the production process of XOS and COS, lignocellulose
releases several phenolic compounds. Phenolic compounds
released during the pretreatment process can be lignin
derivatives or plant secondary metabolites. Vanillin is one
of the valuable phenolics formed from lignin compounds

.
s

Liquid Fraction g Solvent C
contain lignin (SmF)

e | ©
8 ) “y‘"““ £l asetat @. Supernatant :‘ ‘ “
@ Momass s Biomass { \

that are discarded during the COS and XOS manufacturing
processes. To generate the vanillin from the lignin, the liquid
fraction from the pretreatment II process (Fig. 4) was col-
lected and fermented in an orbital shaker using submerged
fermentation (SmF). The vanillin compound was extracted
in ethyl acetate for 160 min from the fermented products.
The vanillin was separated from other phenolic compounds,
then centrifuged and filtered. The presence of vanillin in the
filtrate and residue can be confirmed and quantified using
LC-ESI-MS/MS. Thin-layer chromatography (TLC) was
used for further purification (Harshvardhan et al., 2017;
Nurika et al., 2020) (Fig. 6).

Separation of B-glucosidase Enzymes Using
“Separation—-Adsorption” Method in High
Temperature and Continuous System for COS
Production

To increase the amount of COS produced, the BG enzyme
must be separated from the other cellulase enzymes (EG
and CBH). Separating enzymes generally has a high produc-
tion cost, so the adsorption—separation method developed
by (Chu et al., 2014) is an alternative to separating BG from
EG and CBH. The BG enzyme is separated by utilizing its
isoelectric point, and decreasing the temperature results in
a decrease in the retention rate of BG. When centrifuged,
BG will leave the solid—liquid system and accumulate in the
supernatant, while the solid residue consists of EG, CBH,
and a trace of BG. Each time the product is separated from
the substrate, the BG remains are gradually released in the
multi-step enzymatic hydrolysis system.

To increase production capacity on a larger scale, thermo-
stable cellulases can be induced from thermophilic microbes
and used in the process (Yuansah et al., 2019). An adsorp-
tion—separation method can be used to separate thermostable
cellulase enzymes from BGs. The thermostable cellulase-
deficient BGs can be immobilized in a matrix for continu-
ous system bioreactors (Chu et al., 2014; Pino et al., 2018)
(Fig. 7). The stability of immobilized thermostable enzymes
will be an advantage in large-scale production, particularly
in avoiding contamination and optimizing production yields.
Furthermore, the enzymes used in the process can be reused,
and the enzymes do not mix with the product or require
further separation.

"

\ <Biomass ) Y

=)
@Flllrale

Confirmation in
LC-ESI-MS/MS and HPLC

Purification in TLC Vanilin

Fig.6 Schematic diagram of vanillin recovery from the post-pretreatment liquid fraction in XOS and COS production
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Fig.7 Schematic diagram of adsorption—separation methods to produce thermostable, cellulase-deficient BGs and their application in continu-

ous system bioreactor

Conclusions

Based on the discussion thus far, it is possible to con-
clude that lignocellulosic biomass is one of the natural
sources that can be converted into a variety of functional
compounds, such as XOS and COS. As previously stated,
because the complex structure of lignocellulose makes it
difficult to convert enzymatically and results in a slow
reaction and low yield, it is critical to understand the
inhibitors on the lignocellulosic source to determine
strategies for carrying out enzymatic hydrolysis for COS
and XOS production. Thus, it is envisaged that additional
studies will be conducted to establish a more efficient
technique for the production of valuable products from
lignocellulose.
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