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ARTICLE INFO ABSTRACT
Keywords: The development of sustainable biorefineries and bioeconomy has been the mandate of most of
Bioeconomy the governments with major focus on restricting the climate change concerns and finding new

Human health strategies to maintain the global food supply chain. Xylooligosaccharides (XOS) are short-chain

PrebloFlcs . oligomers which due to their excellent prebiotic potential in the nutraceutical sector has
Xylooligosaccharides . . . .

; . attracted intense research focus in the recent years. The agro-industrial crop and food waste can
Lignocellulosic biomass . . , . . A
Pretreatment be utilized for the production of XOS which are derived from hemicellulose fraction (xylan) of the

Xylan lignocellulosic materials. The extraction of xylan, is traditionally achieved by acidic and alkaline
pretreatments which, however, have limited industrial applications. The inclusion of cutting-edge
and environmentally beneficial pretreatment methods and technologies such as deep eutectic
solvents and green catalysts are preferred. Moreover, the extraction of xylans from biomass using
combinatorial pretreatment approaches may help in economizing the whole bioprocess. The
current review outlines the factors involved in the xylan extraction and depolymerization pro-
cesses from different lignocellulosic biomass and the subsequent enzymatic hydrolysis for XOS
production. The different types of oligosaccharides and their prebiotic potential for the growth of
healthy gut bacteria have also been explained. The introduction of modern molecular technolo-
gies has also made it possible to identify enzymes and microorganisms with the desired charac-
teristics for usage in XOS industrial production processes.

1. Introduction

The concept of circular bioeconomy has grown over the last few years for the production of valuable biomaterials and biofuels,
owing to the concerns over the increasing organic waste pollution [1,2]. Different policies and regulations have been framed by
different international organizations for the proper valorization, reuse and sustainability of biomass. The circular bioeconomy and the
idea of integrated biorefineries are being cohesively used, incorporating an intriguing technological method in the utilization of

* Corresponding author. Department of Marine Environmental Engineering, National Kaohsiung University of Science and Technology, Kaohsiung
City, Taiwan.
E-mail address: sudans123@gmail.com (V. Sharma).
! Equal contribution.

https://doi.org/10.1016/j.heliyon.2023.e18316

Received 11 January 2023; Received in revised form 9 July 2023; Accepted 13 July 2023

2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:sudans123@gmail.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e18316
https://doi.org/10.1016/j.heliyon.2023.e18316
https://doi.org/10.1016/j.heliyon.2023.e18316
http://creativecommons.org/licenses/by-nc-nd/4.0/

C.-D. Dong et al. Heliyon 9 (2023) 18316

organic waste for the sustainable synthesis of industrially relevant biochemicals [3,4]. Among all the organic wastes, lignocellulosic
biomass is the most abundantly generated plant-based waste that is a potential bioresource for the production of value-added materials
in the food and biofuel industry [5-7]. Different lifestyle changes in the 21st century have made people more aware in consuming
healthy, nutritious food [8]. Consumers are moving towards adding more naturally occurring foods that are rich in nutrients and have
positive health effects in their regular meals [9]. Among many healthy foods, functional foods, such as non-digestible prebiotic oli-
gosaccharides, are becoming increasingly popular [10]. Prebiotics are recognized as food ingredients that support the maintenance of a
balanced human intestinal flora. Prebiotics promote the growth of beneficial bacteria in the gut, which has a range of positive health
benefits [11]. Consequently, the food industry has added prebiotics as valuable components to a variety of goods, including dairy and
meat products, whole wheat bread, cereal bars and chocolates.

Xylooligosaccharides (XOS), due to their capacity to increase the activity of the valuable gut microbiota have recently attracted
interest as potential prebiotic substances in the field of food research [12]. To address the expanding market demands, the food in-
dustry is working to create new XOS production bioprocesses that are more sustainable and efficient. XOS are sugar oligomers pri-
marily containing p-d-xylopyranosyl (xylose) units that are linked via p (1 — 4)-xylosidic linkages with numerous substitutions [13].
Some of the health benefits of XOS include antioxidant effects, reduced blood sugar and cholesterol, decreased risk of colon cancer,
increased calcium absorption, improved gastrointestinal health and cytotoxic effect on human leukemic cells [14]. Because of its high
carbohydrate content, lignocellulosic biomass (LCB) is the most promising, cost-effective, and long-term source of a variety of valuable
products, including lignocellulose-derived prebiotic xylooligosaccharides [15]. Each year, tons of LCB (such as crop residues, food
waste, and agricultural waste) is generated from various post-harvest and processing operations [2,16-19]. According to previous
research studies, LCB can be effectively converted to XOS through enzymatic hydrolysis or microbial fermentation (Fig. 1) [6,13,20,
21]. XOS have the same beneficial properties as other common oligosaccharides, such as short-chain carbohydrates digestible by gut
flora, resistance to low pH and high temperature, and potential health benefits [22,23].

The LCB is constituted majorly by cellulose, hemicellulose and lignin biopolymers that can be valorized into an array of bio-
chemicals [1,5,24-26]. The hemicelluloses are majorly composed of xylans, xyloglucans, mannans, and glucomannans, all linked by a
B-(1 — 4) backbone. XOS are commonly derived from the debranching and depolymerization of xylan component after it is extracted
from LCB [14]. The highly recalcitrant nature of LCB, restricts the accessibility of xylans for the production of XOS. Therefore, pre-
treatment is an intrinsic step to remove the recalcitrance and extraction of xylan from LCB [27]. The lignocellulose pretreatment, as an
initial step, disintegrates the complex lignin-carbohydrate linkage to finally release xylan in solubilized form, which can be recovered
later. The conventional methods of XOS production from the xylan-rich lignocellulosic feedstocks usually involve autohydrolysis or
chemical treatments using acids or alkalis. Over the last decade, acid and alkali pretreatment approaches have been employed to
valorize LCB for the extraction of xylans. However, there are hazards associated with the use of these conventional chemicals, such as
acid pretreatment may degrade xylan in to xylose and therefore the recovery of xylan from LCB by acid pretreatment becomes difficult
[28,29]. The drawbacks of these traditional pretreatment chemicals has necessitated the exploration of environment friendly and
effective pretreatment agents [16,24,30]. The introduction of ‘green’ pretreatment methods such as those involving deep eutectic
solvents (DESs), ionic liquids and organosolvs have created room for the development of economical lignocellulosic biorefineries [27,
31-34]. Moreover, the low-cost physical pretreatments such as ultrasonic waves and microwave irradiations can be employed as
assistive technologies with the chemical pretreatment methods to augment the effectiveness of the overall bioconversion process of
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Fig. 1. Bioconversion of lignocellulosic biomass into xylooligosaccharides for health benefits.
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LCB for the production of XOS. However, for the successful production of XOS on commercial scale, various LCB raw materials, xylan
extraction techniques, and enzyme sources for xylan hydrolysis are still being evaluated for optimum performance under the most
environmentally friendly circumstances.

The current review provides a comprehensive summary of the key technological factors affecting the production of XOS from
diverse lignocellulose materials. The review aims to explore current developments in the bioprocessing of LCB into XOS with focus on
state-of-the-art pretreatment techniques and xylan enzymatic hydrolysis. Moreover, the production of XOS using exciting techno-
logical approaches such as protein engineering, metagenomics and cell surface engineering is also briefly presented.

2. Oligosaccharides as healthy food supplements
2.1. General aspects of prebiotics

Prebiotics are food that induces the activity of important microorganisms such as bacteria and fungi. They are non-digestible fibre
compounds which can pass through the upper part of the gastrointestinal tract undigested and stimulate the growth of some bacteria
by acting as a substrate for them [35]. Prebiotics can also have a significant impact on the gut microbiota, which in turn affects the
metabolic processes and immersion of the intestine, suppresses pathogenic bacteria, modifies the mortal susceptible system, and re-
duces the availability of adhesion sites to harmful organisms. Different prebiotics have known to provide positive effects on the body’s
systems, including the gut, immune system, blood pressure, and anti-obesity effects (Fig. 2). They also lower the risk of cancer and
promote heart health. Gibson and Roberfroid [36] are credited with coining the term "prebiotic," which they define as ‘a non-digestible
food element that benefits the host by selectively enhancing the growth/activity of one or a small number of bacteria in the colon, and
thereby enhances host health.” A number of microorganisms in the human gut play an important role in improving digestion and
overall health of their human hosts, owing to their ability to break down complex food ingredients that remain undigested in the upper
digestive tract. Such microbes obtain their energy by fermenting non-digestible substances in the diet and converting them to bene-
ficial metabolites over time, boosting overall gut health [35]. There are two ways to improve the health-promoting activities of these
microorganisms, either by their intake in live form as a food supplement or by promoting the growth of these existing microbes through
increased dietary intake of non-digestible food ingredients called in the form of prebiotics [36].

Prebiotic has been defined as “a selectively fermented ingredient that allows specific changes, both in the composition and/or
activity of the gastrointestinal microbiota that confers health benefits” [22]. In order to be regarded as prebiotics, the ingredients
should demonstrate the following:

i. Non-digestible by the endogenous enzymes in the human gut. In fact, it should possess resistance towards gastric acidity,
hydrolysis by digestive enzymes and gastrointestinal tract absorption.
ii. Stimulatory towards the growth and/or activity of specific bacteria responsible for health and wellbeing, thus, conferring health
benefits to the host.
iii. Undergo selective fermentation by specific intestinal microbiota.
iv. Have been synthesized by microorganism or their enzymes, or have plant origin.
v. Compatible with other food/feed ingredients.

Prebiotics can be derived artificially or naturally, and can also be used as functional foods owing to the fact that these are natural
substance found in foods that ordinarily wouldn’t contain them. When consumed in the recommended amounts, prebiotics can
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Fig. 2. Different health benefits of prebiotics.
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improve health or lower the risk of disease while also enhancing a consumer’s quality of life [37]. However, despite the fact that
prebiotics contain carbohydrates of various sizes, the non-digestible oligosaccharides with short sugar units have the greatest com-
mercial interest, since they provide the requisite level of fermentation selectivity. Prebiotics have a particular metabolic action in the
large intestine which serves as a food for good bacteria, as they are not digested in the small intestine. By creating a comfortable
environment and encouraging the growth of beneficial bacteria, an exaggerated alteration in the composition of the gut microbiota is
generated [38]. Many good bacteria such as those belonging to Bifidobacterium sp., Bacteroides, Lactobacillus sp., Saccharomyces,
Enterococcus, and Propionibacterium are known to have effective properties in breaking high molecular weight carbohydrates [37,39].

2.2. Types and classification of oligosaccharides

Oligosaccharides are a type of polymeric carbohydrates that are midway between simple sugars and polysaccharides. Xylooligo-
saccharides (XOS), galacto-oligosaccharides (GOS), fructo-oligosaccharides (FOS), malto-oligosaccharides (IMOS), and mannan oli-
gosaccharides (MOS) are amongst the most common functional oligosaccharides. Oligosaccharides can be found in a variety of foods,
including honey, lentils, milk, wheat, sugar beet, sugarcane juice, fruits, and vegetables [40]. FOS, GOS, lactulose derived
galacto-oligosaccharides (LDGOS), XOS, arabino-oligosaccharides (AOS), and algae-derived marine oligosaccharides (ADMO) are the
most popular oligosaccharides with a wide range of applications, including having prebiotic properties.

2.2.1. Xylooligosaccharides (XOS)

Xylooligosaccharides are oligomers having 1,4-linked xylose backbone and substitutes such as uronic acids, acetyl groups and
arabinose units. Xylooligosaccharides are incredibly variable in terms of degree of polymerization (DP), degree of substitutions (ratio
of arabinose to xylose) and linkages. The physical and biological characteristics of XOS depend upon the type of substitutions, their
pattern of occurrence and molecular weight distribution on xylan backbone [37]. They are often utilized as food additions in dairy and
confectionary items because of their moderate sweetness, besides being used as medications [41]. Due to their resistance to heat and
acidity, which enables them to be used in the creation of low pH meals, XOS are favored in food processing over fructooligosaccharides
and inulin. Xylooligosaccharides have attracted a lot of interest as a prebiotic due to its multifaceted benefits, particularly in lowering
gastrointestinal issues [42,43]. Factors like XOS linkages and ring configurations affect XOS stability. Although studies have shown
XOS can be produced from a number of plants, microbial based sources, its large-scale production from lignocellulose materials is
required, owing to the large amount of XOS’s precursor (xylan) being present in the biomass. Numerous studies have focused on the
selective hydrolysis of xylans from LCB to produce prebiotic XOS with DP between 2 and 4, which exhibit speedier fermentation as a
result of their consumption by probiotic microorganisms in functional meals [13,15,44]. The bacteria that live in the human gut,
including Lactobacillus sp., Bifidobacterium, Clostridium and Bacteroides can produce energy from polysaccharides and xylooligo-
saccharides when consumed.

2.2.2. Galactooligosaccharide (GOS)

Galactooligosaccharides are lactose-derived compounds containing p-linked galactose moieties with galactose or glucose at the
reducing end. GOS contain different p linked galactose moieties (Such as $-(1 — 2), p-(1 - 3), -(1 — 4), p-(1 — 6) with a degree of
polymerization (DP) from 2 to 8. GOS are a beneficial prebiotic because gut bacteria can ferment them despite not being digested in the
upper digestive system. GOS retain p-1, 6- linked galactose chains ending with a reducing p-linked glucose half [40]. The synthesis of
GOS involves the action of -galactosidase enzyme through transgalactosylation reaction using lactose as the primary substrate. Ac-
cording to reports, the degree of selectivity relies on the source of the enzyme, besides the amount of lactose present during the process.
Typically, high lactose concentrations enhance its enzymatic transgalactosylation with p-galactosidases, which results in increased
GOS production yields [45,46]. It is possible to produce GOS from lactose using microbial cells or an enzymatic reaction, or
agro-industrial waste additives (like whey) instead may also be used for their production [47]. A study was conducted on the synthesis
of GOS as a prebiotic by partially purified $-galactosidase from Enterobacter aerogenes employing lactose substrate [48]. It was found
that the synthesized GOS promoted the growth of three microbial strains with probiotic activity such as Bifidobacterium bifidum,
Lactobacillus delbrueckii and Lactiplantibacillus plantarum. Moreover, the symbiotic combinations of the prebiotic strains displayed
excellent antioxidant activities. Huang et al. [46] reported the production of a novel p-galactosidase from Klebsiella oxytoca and
expressed the genes of the enzymes in E. coli bacterium. While purified p-gal 2 had a strong transgalactosylation capacity for GOS
synthesis, p-gal 1 possessed a greater enzyme activity for lactose hydrolysis. Though, p-galactosidase-based GOS synthesis is a
well-known method, the high-purity and mass-scale GOS production is still a challenge which needs to be addressed for higher product
yields on industrial levels.

2.2.3. Fructooligosaccharide (FOS)

Fructo-oligosaccharides are primarily derived from garlic, onion, chicory, asparagus, dragon fruit, rye, banana, and artichoke [49].
Dietary FOS are not easily hydrolyzed in the small intestine; therefore, it enters the cecum intact. Intestinal bacteria break them down
into short-chain carboxylic acids, L-lactate, CO2, Hy, and other metabolites. The purpose of FOS is to selectively stimulate the growth
and/or activity of one or a few beneficial bacterial species of the colon to promote host health. The FOS structure contains one glucose
(F) moiety and 2-60 fructose (F) moieties linked by (2-1)/(2-6) glycosidic linkages, such as in 1-kestose (1G, 2F), nystose (1G, 3F) and
fructofuranosyl nystose (1G, 4F) [50]. As the DP increases, the sweetness of FOS diminishes. FOS reduces the level of fatty acids,
phospholipids, cholesterol and triglycerides in the intestine and improves the absorption of minerals like Ca*2 K* and Mg*2 [51]. By
using isolated enzymes from microorganisms or their whole cells, FOS can be produced commercially. The fungal enzymes are
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preferred over bacterial enzymes due to their higher titer and extracellular nature. Fungal strains such as Aspergillus niger, Aur-
eobasidum pullulans that release the enzyme p-fructofuranosidase or fructosyltransferase are known to synthesize FOS [45]. The
synthesis of products with a low DP and the concentration of FOS could both be raised by increasing the substrate (sucrose) con-
centration. Wienberg et al. [52] using inulosucrase enzyme isolated from Lactobacillus gasseri synthesized inulin-type fructooligo-
saccharide (I-FOS) at elevated levels of sucrose concentration (570-800 g/L). The results depicted an enhanced bioconversion of
sucrose with 401 + 7 g/L I-FOS concentration and 53 + 1% (w/w) I-FOS purity. Similarly, I-FOS was extracted from red onion using
neokestose sugar that selectively promoted the growth of probiotic lactobacilli [53]. A productive and effective platform for FOS
production can be provided by further improvement in the biotechnological methods.

2.2.4. Cello-oligosaccharides (COS)

Cello-oligosaccharides are a new class of non-digestible oligosaccharides oligomers studied in recent times that possess D-glucose
units with p-1,4 linkages [54]. The shorter COS or disaccharides are water soluble and contain three (cellotriose) to six (cellohexose)
glucose monomer units, whereas the longer COS form insoluble cellulose material. Studies show that the soluble COS have prebiotic
potential that encourage the growth of numerous Lactobacillus and Bifidobacterium strains in vitro even if humans cannot digest them
[55]. The recent trends show that lignocellulosic biomass has been seen as a potential resource for the industrial production of COS.
The production of COS from LCB often involves physical, chemical as well as enzymatic processes. A novel study was carried out to
show the synergism between enzymes lytic polysaccharide monooxygenase, endoglucanases, cellobiose dehydrogenase and additives
for COS production after the enzymatic hydrolysis of organosolv pretreated sugarcane straw biomass [54]. A 2.7-fold of enhance COS
was produced from the biomass after the optimization of enzymatic hydrolysis using copper and lactose as additives. In another study
by Zhong et al. [56], a 82 mol % yield with a scale up to 93 g/L for cello-oligosaccharides production from 0.5 M sucrose was achieved.
The COS were comprised of DP 3 (33 wt %), DP 4 (34 wt %), DP 5 (24 wt %), and DP 6 (9 wt %) and involved minimal loss (<10 mol %)
to insoluble fractions. After isolation (>95% purity; >90% yield), the COS were examined for growth promotion of probiotic strains.
Compared to inulin, trans-galacto-oligosaccharides, and cellobiose, COS demonstrated up to 4.1-fold increase in cell density for
Lactobacillus rhamnosus, Lactococcus lactis, Lactobacillus paracasei and Clostridium butyricum showing that COS acts as a useful functional
prebiotic carbohydrate. These findings suggest new perceptions on the industrial production of COS and its commercial use.

3. Xylooligosaccharides as potential prebiotics
3.1. Physicochemical properties of XOS

XOS is naturally found in a certain food in limited amounts such as fruits, vegetables, milk, honey, and bamboo shoots. However, to
enhance the economic suitability, large-scale production and purification of XOS is required. Prebiotic XOS with fewer than 4
monomers are thought to be useful but possibly not essential. More significantly, XOS stand out for their general pH and thermal
stability, being able to survive pH fluctuations between 2.5 and 8 and stable at temperatures above 100 °C [57]. XOS have a variable
molecular mass and their sweetness is comparable to around 30% of sucrose, with no off-taste. Xylan is transformed into high mo-
lecular weight xylooligomers, branching or linear XOs, high and low molecular weight xylooligomers, xylose, or is degraded to furfural
during the depolymerization process. The degree of polymerization, their pattern of substitution on the xylose chain, presence of side
groups, ratio of arabinose to xylose, as well as the types of bonds existing in XOS vary significantly depending on the source of xylan
and the production procedure [13,58].

3.2. Biological properties of XOS

The ability of XOS to regulate body weight, insulin sensitivity, reduce colon inflammation and glucose and lipid homeostasis can
have a positive impact on metabolic aspects of diabetes. Diabetes has been considered one of the most prevalent lifestyle diseases with
prolonged negative health effects in the body [59]. XOS may have positive effects on the metabolic disorders linked to diabetes [60].
Moreover, XOS reduces the degradation of muscle protein during energy production and are known to have antioxidant and anti-
allergic properties [61]. Since XOS have beneficial effects on animal health, they can potentially be used as an alternatives to anti-
biotics in animal feed without running the risk of generating resistance to pathogenic microorganisms [62]. Additionally, they can be
utilized as essential ingredients in the pharmaceutical industry for the drug production to regulate obesity and cure gastrointestinal
infections. Owing to an array of healthy biological properties, XOS can be added to foods as components to support the health
improvement. However, due to the suggested daily consumption amount of 2-5 g, its dosage should be made cautiously [61,63].

4. Xylooligosaccharides production from lignocellulosic biomass

The use of lignocellulosic biomass (LCB) for the production of XOS has been considered as an abundant source that could be an
intriguing possibility for meeting future XOS demands without causing any negative environmental consequences. Lignin, hemicel-
lulose, and cellulose make up lignocellulose in the form of a complex three-dimensional network. These components are bonded to one
another with numerous linkages, giving cell walls their well-behaved properties of recalcitrance and stiffness. The chemical charac-
teristics of these lignocellulosic constituents make them biotechnologically valuable substrates. Forestry and agricultural operations,
paper-pulp companies, and numerous agro industries all generate large volumes of lignocellulosic waste [27,37]. The different
lignocellulosic wastes for XOS production include sugarcane bagasse, corn cob, wheat straw, rice straw, poplar wood, forestry waste,
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and many other plant or crop wastes. These wastes are however, a source of pollution, since the biomass is burnt widely to dispose of
lignocellulose waste. This practice is not only limited to underdeveloped nations, but now has become a global phenomenon [1].
However, vast quantities of "waste" plant biomass can be turned into a variety of value-added products, including XOS. The agricultural
industry in India itself creates a large amount of lignocellulosic waste, which is a huge source of renewable feedstock for biorefineries.
Only if enough biomass and desirable characteristics are available to generate bio-based products, the strategy toward bioeconomy
will be successful [64]. The composition of different polymers in the LCB vary (Table 1) which depends upon the type of biomass,
harvesting time, growth conditions, climate, and many others.

The hemicellulose structure is related to xylose, arabinose, galactose, mannose, rhamnose, and acetylated groups that after frac-
tionation of LCB allows for the co-production of oligosaccharides and monomeric sugars. Xylan, which is a major hemicellulosic sugar
extracted from hardwoods, is predominantly depolymerized into XOS (Fig. 3). The xylans from agro-industrial crop or food residues
are divided into several classes based on the types of lateral groups and the degree of substitution. The class of arabinoxylans, which is
typically present in tissues of sugarcane and the major cereals, including barley, wheat, corn, rye, oat, sorghum and rice is particularly
well-represented [37]. The xylan which is extracted from grasses is comparable to that found in hardwood, with an exception of
L-arabinose which is higher in grasses. The degree of polymerization and the kind of linkage present in the xylose structure vary
depending on the various sources used to produce XOS.

5. Methods for the extraction of xylan/XOS from LCB

The recalcitrance of lignocellulosic biomass, which is tightly attached to other cell wall components including cellulose and lignin
by chemical bonds and physical barriers, presents a significant obstacle during the extraction of xylan or XOS [3,32,79]. The majority
of the H-bonds between hemicellulose and cellulose are weak, whereas lignin generates ester linkages that are susceptible to hydrolysis
with just a small number of resistant ester/ether linkages [60]. Therefore, pretreatment of LCB becomes a step of utmost importance to
reduce its recalcitrance and releasing the complex sugars including xylan to ultimately get XOS. Drying and grinding are the first steps
in the biomass fractionation process because they have a direct impact on the material’s crystallinity and increase its contact surface
[19,30,80]. From there, these operations serve as a pretreatment for the subsequent processes, which include chipping, dry crushing
and ball milling [81]. However, these initial steps of biomass deconstruction are not enough to valorize and separate the components of
the agro-industrial waste, which results in creation of multi-stage processes for their transformation and a significant increase in
production costs. The pretreatment is required to increase the biomass’s availability for subsequent operations and hence, is regarded
as a crucial step that significantly affects LCB’s digestibility. Due to the fact that pretreatment accounts for 40% of the overall pro-
cessing cost, it has a significant impact on downstream processing costs involving enzyme loading, detoxification, waste treatment
requirements, among others [82].

Over the last decade, a number of pretreatments have been exploited for the extraction od complex sugars such as xylan and thereby
LCB valorization into biofuels and commercial biomaterials including physical (ultrasound and microwaves), chemical (acid, alkali,
ionic liquids, deep eutectic solvents), physicochemical (steam explosion), biological (using fungi and bacteria) [16,30,32,80,83-85].
These pretreatment methods can produce XOS from different LCB sources.

5.1. Acid pretreatment

Traditionally acid and alkali pretreatment methods have been explored for the extraction of xylan using solubilization method by a
number of researchers around the globe. The acid pretreatment of LCB results in the cleavage of the glycosidic linkages in hemicel-
lulose chain yielding different oligosaccharides and monosaccharides [61,65,86,87]. Han et al. [88] employed an integrated

Table 1
Polymeric composition of different lignocellulosic feedstocks.

Biomass Cellulose (%) Lignin (%) Xylan (%) References
Wheat straw 38-41 20-22 21.2 [65]
Switchgrass 37 19 20.4 [66]
Sugarcane bagasse 40-43 23-28 21.1 [18,65]
Birch wood 40 24 24 [67]
Poplar sawdust 40 28 17.8 [68]
Rice straw 43 23.14 16.33 [69]
Corn straw 30.24 19.57 20.02 [701
Bamboo powder 44.29 27.23 18.37 [71]
Corn stover 30.70 + 1.23 24.38 + 0.65 21.17 £ 0.83 [72]
Banana peel 52.43 + 2.81 7.74 £ 0.93 37.19 + 1.64 [73]
Mango seed husks 55.93 + 4.58 11.91 + 2.34 18.14 + 5.07 [74]
Brewers’ spent grain 15.2 £ 0.5 12.5+ 0.8 16.9 + 0.7 [75]
Pineapple leaf 46.24 + 0.32 26.01 + 0.14 19.48 + 0.02 [76]
Sorghum biomass 34.8 14.3 29.7 [77]
Parthenium hysterophorous 49.98 17.6 14.18 [17]
Sunflower stalk 27.22 - 10.7 [19]
Agave tequilana 26.0 £1.2 13.8 £1.3 228 +£1.2 [78]
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Fig. 3. Process of xylooligosaccharides production from lignocellulosic biomass.

biorefinery process for the production of XOS from the valorization of corncob biomass using gluconic acid (0.6 mol/L) pretreatment
that resulted in a maximum XOS yield of 56.2% under optimized conditions. Similarly, in another study, sugarcane bagasse biomass
was subjected to xylonic acid (0.64 M) pretreatment that under optimized conditions of pretreatment provided an augmented XOS
yield of 44.5% [89].

Organic acids have also been employed for the extraction of prebiotic XOS from xylan residues of LCB. Yan et al. [90] used citric
acid and maleic acid for the production of XOS from industrial derived xylan residue, in which citric acid was found to be effective in
giving higher XOS yield (52.3%) compared to that from maleic acid (48.9%). Recently, Zahoor et al. [91] used a novel technology for
the co-production of oligosaccharide (XOS) and monosaccharide (glucose) from wheat straw and Monterey pine sawdust biomass after
the pentanol-dilute acid pretreatment. A maximum XOS of 48.65% and 46.85% was released from pine sawdust and wheat straw
biomass, respectively after the lignin removal from these biomass sources. Moreover, upon enzymatic hydrolysis of pretreated solid
biomass residues resulted in higher glucose yields of 93.34% and 88.65% from wheat straw and pine sawdust, respectively. Similarly,
in an attempt to reduce the production cost for the valorization of sugarcane bagasse biomass for nutraceutical industries, a novel
furoic acid pretreatment method was developed by Dai et al. [92] for the co-production of glucose (335 g/kg biomass) and XOS (120
g/kg biomass). The acid pretreatment though is process for the fractionation of biomass, it however requires high temperatures and
pressures, which encourage the production of hazardous byproducts and therefore, necessitate further XOS purification steps.

5.2. Alkali pretreatment for XOS production

Contrary to the acid treatment for the deconstruction of LCB, the alkali pretreatment methods cause the solubilization of hemi-
cellulose by disrupting the H-bonds between cellulose and hemicellulose in presence of OH" ions from alkali [27,30,79]. The alkaline
pretreatment has been widely used as a valuable biomass pretreatment technique to increase the enzymatic conversion of lignocel-
lulose. The saponification of ester and ether bonds is one of the primary chemical reactions involved in the extraction process. The
cellulose and hemicellulose structural linkages separate as a result of alkaline extraction, preventing the hemicellulose polymer from
fragmenting. Due to the xylan’s pH stability and the ease with which the solubilized fraction can be recovered from the liquid, the
extraction of xylan from LCB under alkaline conditions is favorable. Previous studies demonstrated that the lignin could be successfully
removed by the alkali pretreatment, and the intricate structure of the lignocellulosic network could be broken down [15,30,93].

Rogoski et al. [94] recently pretreated cassava peel residues with NaOH for lignin removal and xylan extraction which was followed
by enzymatic hydrolysis of xylan using xylanase enzyme to produce XOS. A lignin removal percentage of as high as 34.20% and XOS
yield of 396.5 mg XOS/g xylan after the alkaline hydrolysis and subsequent enzymatic hydrolysis, respectively was achieved. Alter-
natively, sugarcane bagasse biomass was the sustainably utilized for XOS production alongside bioethanol using alkali pretreatment.
The results demonstrated that 6.26 g of XOS, 1.44g xylitol and 15.95 g bioethanol could be produced from the alkaline bioconversion
of 100 g raw biomass [95]. These investigations exhibit that using an integrated process, the LCB can be effectively bio-converted into
fuels and prebiotic oligomers (such as XOS) by maximum utilization of the polysaccharides of LCB fractions using hydrolyzing en-
zymes. However, several drawbacks of alkali pretreatment such as low solid-to-liquid ratio, the formation of inhibitors, long residence
time, relatively high reaction temperature, and formation of salts from the extracted xylan that need to be purified, restrict the
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development of an accepted alkali-based pretreatment technology for XOS production.

5.3. Ionic liquid pretreatment

Ionic liquids (ILs) over the years have been recognized as ‘green’ pretreatment solvents carrying environment friendly properties
for the fractionation of LCB into different biochemicals and biofuels [19,25,27]. The use of ILs and DESs to break up the substantial
intrinsic bonds between cellulose, lignin and hemicellulose fractions and transforming the polymeric sugars into amorphous form, has
been strongly supported by prior studies from the literature [16-18,25]. In a research study by Avila et al. [96], the concentration of
commercial hemicellulases (endoxylanases) was optimized for increased XOS production from IL pretreated sugarcane bagasse and
straw. The combinatorial pretreatment strategies using ILs with other green treatment methods have been tried to effectively frac-
tionate lignocellulosic biomass for low cost-production of XOS. The work of Bhatia et al. [97] demonstrated the use of combined IL
(1-ethyl-3-methylimidazolium acetate) and steam explosion pretreatments for effective delignification and deacetylation of Miscanthus
biomass to produce high-value XOS and gluco-oligosaccharides. Pretreatment methods for ionic liquids range from lignin and
hemicellulose extraction to a reduction in degree of polymerization of hemicellulose reduction for XOS, reducing native biomass
recalcitrance. These requirements depend on the ILs’ properties, the process parameters (duration of treatment, temperature, particle
size and biomass loading) and the particular interactions of the ILs with the LCB such as grasses, hardwoods and softwoods. However,
the high operational costs, the requirement for energy-efficient and affordable ways for the recovery and reusability of ILs, the viscosity
of ILs, as well as equipment handling are among the list of some of the limitations that has restricted their wide scale applications in
biorefineries.

5.4. Deep eutectic solvent pretreatment

DESs on the other side have edge over ILs owing to their least demerits in the bioprocessing of LCB into XOS. These are the ‘green’
eutectic mixtures that can be formed by mixing two or more chemical substances in a specific molar ratio, one of them being a

[Lignocellulosic biomass]

v

L DES Pretreatment J:

Solid phase Liquid phase

! )

‘ = \
:
H
Y]
=5
‘ ) \
=
Recovered solvent

:

N R AR Solvent/ water " LEEOUERT T
solvent/water DES and by- <
l ] products

@

| Filtration 2

| Physicochemical Lignin _:'

Solid residue | characterization precipitation =5

=

[ Enzymatic hydrolysis ] 1 l l \
"sem [ FTIR C:]ﬁ | Filtration
v

I Xylooligosaccharides I lL
[ Lignin ]

Fig. 4. Process of DES based pretreatment of LCB for the xylooligosaccharide production.




Table 2
Production of XOS from LCB employing different pretreatment methods.
Lignocellulosic Pretreatment method Pretreatment conditions Significant results References
feedstock
Banana pseudostem Hydrogen peroxide 200 mL 20% (m/m) Hz05, 150 rpm, 25 °C, 4 h High XOS yield (50.40 g/L) [102]
Industrial derived Maleic acid (MA), Citric acid (CA) 0.5 M of CA and 0.1 M of MA at 150 °C for 40 min XOS yield of 52.3% (CA) and 48.9% (MA) [90]
xylan
Sugarcane bagasse Xylonic acid 3.0 £ 0.1 g biomass mixed with 30 mL xylonic acid (0.64 M) XOS yield of 44.5% [89]
Pine sawdust, wheat Dilute acid/pentanol 1% sulfuric acid, 60% pentanol; 1:10 solid to liquid ratio, 170 °C, 45 min XOS yield of 46.85% (wheat straw) and [91]
straw 48.65% (pine sawdust)
Cassava peel NaOH pretreatment 2% (w/v) NaOH for 30 min, 121 °C, 1:100/solid: liquid 396.5 mg XOS/g xylan [94]
Corn stover Alkaline H,0,-Ball milling 0.45 g/g (H,0,: substrate), 1:3 (w/v) solid-to-liquid ratio, 1h ball-milling High XOS yield of 69.65% [103]
Miscanthus 1-ethyl-3-methylimidazolium acetate ([Comim] 300 mg biomass mixed with 9.7 g of [Comim][OAc], 160 °C, 3 h 90% (w/w) of xylan converted to XOS [97]
[OAc])
Tamarix Hydrothermal-IL (1-butyl-3- Hydrothermal pretreatment: 180 °C for 30 min; IL pretreatment: 5% loading 352 mg/g glucose, 60.98 mg/g XOS and [104]
austromongolica methylimidazoliumacesulfamate) at110°Cfor 3h 178.2 mg/g lignin extraction
Poplar sawdust Hydrothermal-DES (ChCl/Lactic acid) Hydrothermal pretreatment: 180 °C, 30 min; DES pretreatment: 10 g biomass ~ 53.2% XOS extraction [20]
mixed with 100 g DES, 50-130 °C, 90 min
Wheat straw Microwave-DES (ChCl/formic acid) Microwave: 209 W, 80 s (1309 J/s); 1 g biomass in 10 mL DES 32% and 20% XOS and xylan yield, [21]

respectively
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hydrogen bond donor (HBD) and another is hydrogen bond acceptor (HBA) [21,81,98]. They have beneficial qualities such as
non-toxicity, low melting point, low viscosity, low volatility, high conductivity, high thermal stability, high surface tension, and
biocompatibility [20,99]. In DES pretreatment, the DES is prepared at a fixed molar ratio of its HBA and HBD, heated at certain
temperature for 2-3 h to make them liquid at room temperatures. Thereafter, the solid dry biomass is added to DES in definite solid to
liquid ratio, followed by pretreatment in the temperature range of 60-130 °C. After pretreatment, the solution is allowed to cool,
washed, filtered and hydrolyzed to extract XOS (Fig. 4) [16]. The DES used in the pretreatment can be reused again for subsequent
pretreatment cycles after its recycling and recovery, to economize the process. Some studies have suggested that the efficiency of DES
pretreatment for LCB could well be synergistically enhanced by combining them with other pretreatment approaches. Recently, Ma
et al. [100] carried out a synergistic DES (isopropanolamine/choline chloride (ChCl))-hydrogen peroxide pretreatment for the
breakdown of xylose residue that resulted in increased lignin removal (97.1%), highest glucose yield (95.9%), with potential for XOS
synthesis.

The assistive green pretreatment technology, i.e., microwave irradiations has found to be quire beneficial to improve the efficiency
of DES pretreatment (Table 2). A microwave assisted DES (ChCl/formic acid) pretreatment of wheat straw resulted in successful
production of XOS with a high xylose and XOS yield of 20% and 32%, respectively [21]. Acid autohydrolysis assisted DES pretreatment
of LCB for XOS production is also considered as a suitable green method due to less consumption of chemical residues. Ying et al. [101]
recently used acetic acid hydrolyzed wheat bran as raw material for further treatment with DES (ChCl/lactic acid) that proved to be
effective in providing a total XOS yield of 62.9%, high arabinose (76.1%), glucose (83.8%) and xylose yields (54.8%) respectively. In
the current biorefinery process, the integrated pretreatment systems involving DESs could boost the possibility of valorization of LCB,
maximize the xylan extraction and hence, XOS production.

6. Enzymatic hydrolysis of xylan for xylooligosaccharides production

For the bioconversion of organic wastes including agro-industrial lignocellulose wastes, hydrolytic enzymes called hydrolases are
often utilized [23,26,32,105,106]. Since the enzymatic process operates under mild reaction conditions without the use of hazardous
chemicals, it is more conducive to the idea of a biodegradable process for XOS production. Furthermore, the utilization of xylanolytic
enzymes exhibits high specificity and efficiency, enabling a greater control over degree of polymerization and a decreased formation of
unwanted xylose and other by-products [23,58,107]. Some of the most commonly used hydrolases for plant cell wall disintegration are
cellulase, laccase, p-glucosidase, xylanases, and mannanase. Hemicellulose is hydrolyzed by endo-enzymes within the main chain, and
exo-enzymes act on the endo-enzyme hydrolysis byproducts to generate monosaccharides. Two steps are quite essential for the
enzymatic hydrolysis step to produce XOS. The hemicellulose found in the LCB should first be separated using various pretreatments,
as discussed in the upper sections. To do this, it’s critical to remember that the pretreatment should be chosen based on the desired final
hemicellulose recovered features, such as polysaccharide, oligosaccharide, or monosaccharide [61]. The second step, which is
enzymatic saccharification, involves xylan hydrolysis with the help of xylanolytic enzymes such as endo-1,3-p-xylanases and endo-1,
4-B-xylanases [108]. The xylose-releasing enzymes or the endo-xylanases, exo-xylanase/p-xylosidase and enzymes reducing the degree
of polymerization of xylose or xylans have been known to be isolated from fungal and bacterial strains [23,58,107]. Enzyme prepa-
rations with low exo-xylanase and/or p-xylosidase activity are preferred for preventing the production of xylose.

Short XOS are released when glycosidic connections are broken by endoxylanases. Reduced xylan polymerization is caused by
endo-1,4-xylanases’ action on glycosidic bonds [10]. The bonds chosen for the cleavage are chosen based on factors such the chain’s
length, the degree of branching, and the number of substituents. Small molecules like mono, di, and tri-saccharides of D-xylopyranosyl
may be produced at a later stage of hydrolysis after the synthesis of D-xylopyranosyl oligomers. After the xylan has been sufficiently
broken down into short oligomers, xylosidases are activated [109]. The aggregation of such oligomers may hinder the action of
endoxylanase, and therefore as a result, p-xylosidase hydrolyzes these oligomers into xylose monomer, minimizing the inhibitory
effects of oligomers and increasing xylan hydrolysis efficiency [82]. However, endo-1,4-xylanase without p-xylosidases is desirable for
XOS production as it stops xylose release, increasing XOS yield. Debranching enzymes that remove arabinose, acetyl and glucuronic
groups from the xylan backbone include arabinofuranosidase, acid esterase, glucuronidase, respectively.

In recent years, xylooligosaccharides synthesis has made substantial use of fungal xylanases. In a study by Pereira et al. [110],
Aspergillus nidulans A773 xylanase was used to enzymatically hydrolyze soybean fiber, producing significant levels of XOS. After 12 h of
enzymatic hydrolysis of xylan-rich wheat husk, a crude extracellular xylanase from Aspergillus fumigatus R1 achieved a maximum XOS
yield of 1 gm% [111]. In another study, xylan recovered via alkaline extraction of sugarcane bagasse was converted into 27.1% XOS by
A. fumigatus xylanase [112]. It has been observed that to produce a more cost-effective bioprocess with a greater yield, the enzymatic
hydrolysis conditions of hemicellulose in XOS should be improved. The synthesis of XOS can be affected by some biochemical or
microbiological aspects of the enzymatic hydrolysis, hence optimizing this bioprocess requires achieving the appropriate enzyme and
substrate concentration, temperature and reaction time [61]. The improvements in the enzyme extraction processes, employing novel
enzyme immobilization strategies may create a room for further economizing the XOS production process.

7. Advances in lignocellulosic biorefineries for xylooligosaccharides production

The development of a sustainable lignocellulosic biorefinery with the best possible exploitation of lignocellulosic waste calls for the
inclusion of effective pretreatment approaches, efficient enzyme cocktails and unique microorganisms for fermentation [27,113].
Utilizing cutting-edge molecular technologies, it has become possible to find enzymes and microbes with the desired properties for use

in industrial production processes for XOS. Technologies involving such as metagenomics, protein engineering and cell surface
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engineering are being applied by researchers to improve the efficiency of a lignocellulosic biorefinery.

7.1. Protein engineering approaches

Protein engineering or genetic engineering is an essential tool for alterations in the microbial genes or enzymes polypeptide chains,
thereby producing functionally stable enzymes. Enzymes such as xylanases with improved properties for XOS production can be
altered by site-directed mutagenesis or directed evolution. In a research study, a xylanase displaying improved enzyme properties was
produced from the expression of a mutant baxA gene from Bacillus amyloliquefaciens [114]. The purified enzyme exhibited 3.5 times
higher specific activity and that gave a good yield of XOS from beechwood xylans, oat spelt and birchwood. A mutant xylanase
(XynAR) was generated from Streptomyces rameus that exhibited improved acid tolerance, thermostability and catalytic efficiency for
the potential production of XOS [115]. Enhancing the catalytic activity of xylanase is more important for robust enzyme engineering
than improving the pH and temperature characteristics. By adding the single mutation for xylanase (T74Y) from Thermotoga maritima,
Yang et al. [116] achieved an increased 1.3-fold catalytic activity of xylanase for XOS production. Similarly, Boonyapakron et al. [117]
disclosed that by eliminating a carbohydrate-binding module from a thermophilic GH11 xylanase generated from a metagenomic
library, a 6.5-fold enhancement in catalytic performance was achieved. Such mutant variations can be employed in lignocellulosic
biorefineries to produce XOS on commercial levels.

7.2. Metagenomics

Metagenomics is one of the many powerful omics technologies which is employed for the discovery of novel enzymes that don’t
require the isolation and culturing of the microorganism. Metagenomic techniques have been established to discover the genes for
desired enzymes with unique properties in order to discover some of the uncultivable and unexplored microflora. The method involves
the collection and screening of total DNA from the microbe to identify novel genes’ open reading frames encoding novel enzymes. The
screening of metagenomic libraries is carried out by three strategies, viz., direct phenotypic detection, gene expression and heterol-
ogous complementation. For the conversion of lignocellulosic biomass, metagenomics offers a platform for the discovery of novel
hydrolytic enzymes with novel properties, such as ionic stability, pH stability and thermostability [9]. Sun et al. [43] cloned a gene in
Bacillus megaterium for thermostable xylanase expression from the metagenomic DNA of compost made from cow dung and reported a
high extracellular xylanase activity (106 IU/ml) for XOS production. In another study, a novel xylanase (XynM1) was discovered using
the metagenomic resource created from extreme temperature of an aquatic habitat by cloning the metagenomic DNA fragment and
expressing it in Escherichia coli [118]. The results exhibited an increased catalytic activity of the novel xylanase in hydrolyzing the
xylan and catalytically releasing XOS from beechwood, corncob, wheat and sweet sorghum. However, many more details on the
exploring the role of these state-of-the art technologies for XOS production on industrial scale are yet to be revealed.

8. Future prospects and conclusions

Scientists from all over the world are interested in XOS production from LCB because of its many functional characteristics as
prebiotics. The potential for XOS to develop unique functional foods is diverse, and the industry has a bright future in the food business.
The market for XOS as prebiotics has been expanding steadily around the world due to the rise in interest in functional substances and
life quality, with a growth of US$ 94 million in 2018 and a projected US$ 130 million by 2025 [37,119]. However, despite the great
health benefits of xylooligosaccharides, the lack of an efficient bioprocess for converting lignocellulosic xylan into XOS hinders
large-scale production. There is still scope for improvements in research and development, and sustainable commercialization of XOS.
The study of lignocellulosic biomass for the production of high-value products like XOS has proliferated in recent years. Utilizing LCB
gives agro-industrial wastes more value and enables their conversion into useful industrial products. It is also necessary to determine
the technological and economic viability of XOS production. The extraction of xylan followed by hydrolysis is a typical method for
producing XOS. An appropriate pretreatment which not only is inexpensive and eco-friendly, must also be effective in yielding the
satisfactory results. In addition to existing physical and chemical pretreatments, additional techniques like high pressure, organosolvs
and deep eutectic solvents might be mentioned as alternatives to increase enzyme accessibility to hemicellulose depolymerization.
Enzymes have been suggested as a platform to produce XOS without hazardous by-products, however more knowledge about how to
employ enzymes properly is still needed. As the non-digestible oligosaccharides are mostly metabolized/fermented by the intestinal
microbiota, it is important to investigate the structure-function connection and the bioavailability of XOS in order to develop me-
tabolites that have health favouring biological effects.
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