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Emerging prebiotics, mainly oligosaccharides and phenolic compounds, are gaining increasing attention
in the scientific community owing to their health benefits and broad industrial potential. Prebiotics are
widely used in foods, cosmetic formulations and dietary supplements. Emerging prebiotics offer
additional advantages as they can be derived from low-cost, renewable materials and produced sustain-
ably, in line with the principles of a circular economy. Green technological approaches, integrating exper-
tise from different scientific disciplines, will be essential to develop efficient and environmentally friendly
methods for the production of emerging prebiotic-enriched products. This review provides a comprehen-
sive overview of the advances in this field, highlighting the advantages and optimisation of enzyme-based

Received 8th April 2025, catalysis. Insights into how enzymes enhance the control of oligosaccharide production by enabling the

Accepted 12th May 2025
DOI: 10.1039/d5gc01723h

selective synthesis of regioisomers with desired chain lengths and modification of phenolic prebiotics are
provided. Furthermore, different technologies to improve biocatalysts to contribute to the novel biopro-
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cess intensification strategies applicable to emerging prebiotic processing are elucidated.

1. We discussed greener methods to replace complex and tedious chemical processes in the synthesis of emerging oligosaccharides with prebiotic activities

via catalytic conversion using enzymes. This approach allows their synthesis in one-step in aqueous media and at low or moderate temperatures.
2. Prebiotics have a critical effect as health-promoting agents, with a global market estimated to be $13 billion by 2030. Their role is based on their beneficial
effects on the host, stimulating the growth of “good” bacteria and inhibiting “bad” bacteria. They have been evaluated as nondigestible food ingredients and,

more recently, for the treatment of skin problems.

3. Although some promising catalysts have been developed for the synthesis of prebiotics, the use of enzymes as catalysts offers significant advantages owing
to their selectivity and specificity, with more sustainable and efficient synthesis approaches. This review will discuss methodologies to improve the final bio-

catalytic process.

1. Introduction

Prebiotics are stable chemical molecules, mainly carbohydrates,
which have critical effects as health promoting agents." They
beneficially affect the host by selectively stimulating the growth
and/or activity of one or a limited number of beneficial bacteria
in their colon, thus improving the host health and, in the ideal
case, inhibiting pathogenic bacteria.> Current targets for prebio-
tics have now expanded beyond the typical probiotic genera
Lactobacillus and Bifidobacterium to a wider range of microbial
responders.® Similar to probiotics, these include candidate
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health-promoting genera such as Roseburia spp., Eubacterium
spp., Akkermansia spp., Christensensella spp., Propionibacterium
spp., and Faecalibacterium spp. A significant health-promoting
benefit of these genera is their capacity to produce short-
chain fatty acids (SCFAs), which have been demonstrated to
regulate a variety of functions within the gastrointestinal
system, including the functions of gut epithelial cells and
mucus barrier, immunity, inflammation, glucose and lipid
metabolisms, energy expenditure, and satiety.® Particularly,
they have been extensively evaluated as nondigestible food
ingredients,>*>° but recently, their role in the treatment of
illnesses such as psoriasis, atopic dermatitis, skin health,
colon cancer, COVID, bone health and calcium absorption
has been identified.”*" Thus, they have been highlighted for
their relevance in the area of prebiotics.

The global prebiotics market, estimated at $6 billion in
2022, is forecasted to reach a revised size of $13.8 billion by
2030, growing at a CAGR (compound annual growth rate) of
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11% over the analysis period of 2022-2030. Considering the
ongoing post-pandemic recovery, the growth of the galacto-
oligosaccharide (GOS) segment has been adjusted to a revised
CAGR of 12.1% over the next 8 years."

In recent times, a range of compounds classified as prebio-
tics has expanded beyond the “established prebiotics” (inulin
and galacto- and fructo-oligosaccharides (GOS and FOS,
respectively)) to “emerging prebiotics”, comprising new carbo-
hydrate-based molecules>™** such as xylooligosaccharides
(X08),>° isomaltooligosaccharides (IMO),*"** pectin oligo-
saccharides (POS),****> mannooligosaccharides (MOS),*® chit-
ooligosaccharides (CHOS),>” lactosucrose, raffinose, epilactose,
and glucomannans."”

Furthermore, as the latest definition of prebiotics includes
skin microbiota as the target of their activity,’ non-carbo-
hydrate substances, such as polyphenols and other phenolic
compounds, have been identified as candidates to exert pre-
biotic effects on the host.>'*?® Since they are derived from
plant-based materials or by-products generated during food
and beverage processing, they align well with current market
trends and the principles of a circular economy. Therefore,
research on emerging prebiotics, including their synthesis
and/or extraction and modification, in vitro models for confir-
mation of their prebiotic activity, green processing and incor-
poration in food products, is a multidisciplinary research
topic. Owing to the importance of this topic, the number of
publications has increased over the last 20 years. In fact, there
has been an exponential increase in the number of publi-
cations on this topic over the last 10 years (Fig. 1).

Emerging prebiotics are at an earlier development stage
than established prebiotics, facing challenges in their discov-
ery, testing, and application. Ensuring resistance to gastric
digestion is the key for prebiotics to reach the colon and be fer-
mented by gut microbiota, which depends on their molecular
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structure. For instance, long-chained IMO is more resistant to
degradation in the upper GI tract, making it more potent than
short-chained IMO.**

Selectively stimulating beneficial bacteria, such as
Bifidobacterium and Lactobacillus, is also crucial, given that
different prebiotics can impact the microbial composition
differently. For example, XOS was found to stimulate
Bifidobacteria growth more effectively than FOS in rats.*°
However, validating the efficacy of prebiotics is challenging
due to variations in microbiomes and metabolic responses,
although new evaluation methods such as dynamic in vitro
digestion and fecal fermentation experiments are helping.
Despite these challenges, ongoing research is uncovering novel
prebiotics that show resistance to digestion and promote
health benefits, both in vitro and in vivo.*

One of the most interesting aspects is the preparation of oligo-
saccharides, which can be produced either via the top-down
approach (hydrolysis of the parent polysaccharides to oligosac-
charides) or bottom-up approach (synthesis of oligosaccharides
from simple sugars) (Fig. 2). The first approach makes it possible
to produce these molecules from different sources by hydrolysis,
especially from waste from the agri-food or marine industry, ligho-
cellulosic waste,* seaweeds,” and crustacean waste®! (Fig. 2). In
these cases, the production of carbohydrates involves treatment
with strong acids, whereas the use of enzymes allows their prepa-
ration in aqueous media under mild conditions, and therefore a
higher degree of purity with respect to other by-products.

The enzymatic hydrolysis of polysaccharides serves a dual
purpose in the production of emerging prebiotics. It not only
facilitates oligosaccharide generation but also acts as a tool for
breaking down the cell wall in plants, enhancing the extraction
of phenolic compounds, another class of emerging prebiotics,
through a green method commonly known as enzyme-aided or
enzyme-assisted extraction.>®

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Fig. 1 Number of publications per year on prebiotics. Source: Scopus.
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Fig. 2 Advantages of the enzymatic strategy in the green synthesis of prebiotic oligosaccharides. (a) Top-down approach synthesis, (b) bottom-up
approach synthesis, (c) comparison between enzymatic and chemical approaches, and (d) example of the synthesis of a tailor-made bioactive oligo-

saccharide using enzymatic versus chemical approach.

The second approach, a synthetic method, starts from
single building blocks (Fig. 2), where different chemical glyco-
sylation reactions (using metal catalysts, base, etc.) have been
described.*® The versatility of chemical processes allows the
selective production of various molecules such as di-, tri- and
tetra-saccharides, but makes the production of larger com-
pounds more difficult.***®

In this sense, the use of enzymes can overcome this
drawback,*”**> producing different regioisomers of a given
chain length with high selectivity and facilitating the for-
mation of larger oligomers more easily (Fig. 2).

To date, most of these compounds on the market are based
on a mixture and their prebiotic efficacy has been evaluated in
a general way, obviously considering the question of price-per-
formance ratio.

Therefore, several issues such as final overall yield of pro-
ducts, waste production, number of synthetic steps (based on
protection and purification steps) can be improved using
enzymes as catalysts (Fig. 2). The extraordinary selectivity and
specificity of enzymes (particularly, glycosidic bond enzymes)

This journal is © The Royal Society of Chemistry 2025

allow these molecules to be obtained in one or a few synthesis
steps in aqueous media at moderate temperature, also with
high versatility, enabling the same enzyme to be used in
several processes. One example is shown in Fig. 2 regarding
the synthesis of a hexamer-oligosaccharide.** The product was
synthesized in 94% overall yield using glycosyltransferases (in
four enzymatic steps by using cofactor-recycling®®), whereas
the chemical approach required multiple glycosylation steps
(with a high number of previous synthesized building blocks
prepared), giving a final overall yield of 2.6%.*

More recently, synthesis strategies have also been developed
where enzymatic and chemical steps are combined to obtain
tailor-made oligosaccharides.*>***°

Thus, a large number of enzymatic glycosylation processes
has been described, in which, in addition to taking advantage
of their excellent natural properties, strategies have been
applied to improve them by increasing their stability under the
reaction conditions or their versatility in recognizing other
similar substrates, for example through protein engineering,
or by improving their properties and recyclability, thus improv-
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ing the economic sustainability of the process, which is of
industrial interest.

This review discusses the major advances in the enzymatic
synthesis, modification and extraction of various types of
emerging prebiotics, as well as contributions in the area of
property improvement processing and equipment through new
intensified technologies for the food and cosmetics industries.

2. Enzyme-driven development of
emerging prebiotics

2.1. Emerging oligosaccharide prebiotics

Currently, GOS, FOS and lactulose are the carbohydrates with
prebiotic activity confirmed by clinical studies. However, with
the expanded definition of prebiotics, there is a growing
demand for the identification, production and evaluation of
new prebiotic carbohydrates that can affect the broader range
of beneficial microorganisms and targeted hosts.*® These com-
pounds, such as XOS, POS, MOS, IMO and CHOS (Fig. 3), are
known as “emerging” prebiotics, given that evidence of their
resistance to gastric digestion and selective growth stimulation
of beneficial bacteria is still lacking. These compounds
present a great scientific and technological challenge due to
their structural diversity, arising from their complex natural
substrates. The latest achievements and trend towards sustain-
able transformation of different biomaterials in this field will
be presented next.

XOS are non-digestible oligomers consisting of 2 to10
linked xylose units by p-1,4 linkages (Fig. 3a). Naturally, XOS
are present in small amounts in vegetables, fruits, honey and
dairy products. XOS are considered to be competitive emerging
prebiotics, ideal for incorporation into various products in the
food and feed sectors, especially considering their excellent
application properties such as high stability in a wide range of

a)
Emerging prebiotics
Y XYY
|
e)

CHOS
N-acetyl glucosamine -(1—4)
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temperatures (up to 100 °C) and pH (2.5-8), good sweetening
power and low caloric value.'> Depending on the xylan sources
used for the production of XOS, the structures of XOS are
different in terms of degree of polymerization (DP), mono-
meric units, and types of linkages. Generally, XOS are mixtures
of oligosaccharides formed by xylose linked through f-(1 — 4)-
linkages.”” Several examples of the synthesis of XOS from
sugar monomers have been described. The enzyme
B-xylosidase is capable of synthesising various alkyl f-xylosides
through transxylosylation processes.*® The p-xylosidase from
A. niger IFO 6662 has strong transxylosyl activity and has been
reported to produce a novel non-reducing disaccharides. The
synthesis of XOS from p-(1 — 4)-xylobiose in the presence of
p-mannose by trans-xylosylation was reported, resulting in the
production of two xylosylmannoses and non-reducing X0S*°
(Fig. 4a).

However, in most cases, XOS are produced using commer-
cially available xylan, but to enable their economically viable
production, significant emphasis has been placed nowadays
on the use of lignocellulosic biomass, which is an abundant
(up to 34% w/w), and more importantly, cheap source of
xylan.*® Lignocellulosic materials can be hydrolyzed to XOS
using a combination of thermal and chemical pre-treatments
to degrade their complex structure, mainly composed of cell-
ulose, hemicellulose and lignin, followed by enzymatic hydro-
lysis, as shown in Fig. 4b. To date, numerous lignocellulosic
materials (wheat and rice straw, sugarcane bagasse, corncob,
beech and birch wood) have been studied for XOS production,
with varying efficiencies depending on the amount and type of
xylan present. Namely, xylan is a biopolymer with a p-1,4-
linked xylose backbone with a-p-glucopyranuronic acids and/or
t-arabinofuranose residues, and accordingly can be classified
into one of four main groups (homoxylan, glucuronoxylan, ara-
binoxylan, arabinoglucuronoxylan and glucuronoarabinoxylan)
based on the presence and distribution of substituents.?®

H X0S
Xylose B-(1—4)
COH
o o POS
OH Galactutonic
OH acid g-(1—-
b) 18 ‘at:|da(1 4)
¢ o N Mmos
HO™ oH| Mannose a-(1—6)
d) OH 1B-(1—4)
CH,OH
o) IMO
OH Glucose a-(1—4)
OH OH |/ a-(1—6)
OH

Fig. 3 Typical structure of emerging prebiotics, emphasizing the monomeric unit of each one.
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Fig. 4 Synthesis of XOS. (a) Synthesis using p-xylosidase and (b) enzyme hydrolysis of xylan.

Therefore, different methods of XOS production and the great
diversity of potential xylan substrates result in a wide spectrum
of different XOS structures with different substituents on the
xylose backbone and degrees of polymerization, which conse-
quently have a great impact on their prebiotic and other func-
tional properties.

For example, Vieira et al>' demonstrated that the ligno-
cellulosic by-product of palm processing (Bactris gasipaes
Kunth) can serve as an excellent substrate for XOS production.
After mild alkali pretreatment of peach palm waste (inner
sheath and peel), XOS were obtained by enzymatic hydrolysis
using commercial xylanase from Aspergillus oryzae with XOS
yields from the xylan inner sheath and xylan peel of 50.1% and
48.8%, respectively. The obtained XOS showed exceptional
antioxidant capacity, significantly higher than that obtained
from commercial xylan. In the last few decades, several pro-
cesses for XOS production have been evaluated, but this is still
an evolving field, where the best methods, catalysts and sub-
strates are not completely clear. Therefore, special evaluation
of the structure and content of xylan is of utmost importance
for the development of viable XOS synthesis processes,
especially in terms of enzyme selection. Endo-1,4-p-xylanases
(EC 3.2.1.8) are the main enzymes responsible for the hydro-
lysis of xylan to XOS. Given their diversity, some of them work
well on unsubstituted xylan, while others are more susceptible
to substituted xylan. Nevertheless, the use of auxiliary enzymes
to remove xylan substituents such as a-glucuronidases (EC
3.2.1.139), a-arabinofuranosidases (EC 3.2.1.55) and acetyl
esterases (EC 3.1.1.72) has been investigated. An example of
enzyme synergism is the degradation of oat spelt xylan using
a-L-arabinofuranosidases from Aspergillus hortai, produced and
purified from a medium containing citrus pulp and orange
peel, and a previously described purified endoxylanase from
the same microorganism. The experiments were carried out at
40 °C using 2% (w/v) oat spelt xylan solution in ammonium
acetate buffer (pH 4.5), and the enzymes were used individu-
ally or in sequential reactions. The results showed that the
prior action of the a-r-arabinofuranosidases, which removed
the side arabinose substituents and made the main chain

This journal is © The Royal Society of Chemistry 2025

more accessible to xylanase action, resulted in a two-fold
increase in the hydrolysis yields achieved.>® However, it should
be noted that some xylanases show a preference for substituted
xylans, where auxiliary enzymes should be included in the
process to generate unsubstituted XOS and allow their better
utilization by target microorganisms.>® For example, Zhou
et al. carried out the hydrolysis of hardwood xylan (glucoronox-
ylan) using Thermotoga maritima xylanase (XynB) and
a-glucuronidase (AguA) co-expressed in Escherichia coli via
dual-promoter and bicistronic constructs to reduce the enzyme
costs. The a-glucuronidase enabled the removal of 4-O-methyl-
p-glucuronic acid residues from the branched XOS, resulting
in an increase in the antioxidant capacity of the XOS mixtures
produced with both XynB and AguA. In addition, these unsub-
stituted XOS are believed to significantly accelerate the growth
of some bacteria from Bifidobacterium sp.>® Thus, xylanases are
excellent tools to tailor prebiotic oligosaccharides with the
intention of stimulating different types of bacteria from
different niches, in congruence with the newly established
definition of prebiotics.> Recently, to achieve better XOS pro-
duction, tremendous efforts have been invested in the develop-
ment of new enzymes with improved activity and stability by
increasing the XOS/xylose ratio.

Also, selected microorganisms have been cultivated to
produce extracellular xylanases that would thereafter hydrolyze
xylan to XOS. A new strain, Bacillus subtilis KCX006, was found
to constitutively produce endo-xylanase and xylan debranching
enzymes without p-xylosidase activity in the presence of ligno-
cellulosic biomass.>® Therefore, this microorganism was used
for the simultaneous production of xylanase and XOS from
lignocellulosic biomass (wheat bran, rice bran, rice husk and
sugarcane bagasse (SB)) through solid-state fermentation. To
provide nitrogen sources for the growth of Bacillus, organic and
inorganic nitrogen sources together with different oil-cakes
(ground nut oil-cake, sunflower oil-cake, castor oil-cake, and
cotton seed cake) were used. Among the various substrates,
wheat bran and groundnut oil-cake supported the highest xyla-
nase and XOS production, which under the optimized con-

ditions yielded 3102 IU g~ and 48 mg g™, respectively.
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POS (Fig. 3b) represent the most diverse group of function-
ally active carbohydrates within the group of emerging prebio-
tics. Numerous studies have shown the different physiological
activities of POS mixtures, such as prebiotic, antibacterial,
anticancer and antioxidant properties.’® The main reason for
this diversity is the complexity of the structure of their mole-
cule of origin, pectin. This heteropolysaccharide, which is the
major constituent of the cell wall in higher plants, consists of
four main structural components, homogalacturonan (HG),
rhamnogalacturonan-I (RG-I), rhamnogalacturonan-II (RG-II)
and xylogalacturonan (XG).”” The most abundant pectin sub-
structure (more than 65%) is homogalacturonan (HG), which
represents a sequence of galacturonic acid residues with o-1,4-
linkages, occasionally esterified with methyl (C6) or acetyl
groups (02 and 0O3). The rest of the molecule is comprised of
different monosaccharides (rhamnose, arabinose, galactose,
and xylose) and various linkages.>® POS can be produced from
pectin via several methods such as enzymatic and acid hydro-
lysis, hydrothermal treatment method or a combination of
acid/enzymatic/hydrothermal treatment. The choice of
employed methods is primarily dependent of the pectin
source; however, the application of enzymes showed the great-
est potential (Fig. 5).

To date, pectin from various sources has been utilized for
the production of POS, especially given that various agricul-
tural by-products (apple pomace, sugar beet pulp, citrus waste,
berry pomace, etc.) have been recognized as cheap and abun-
dant sources.”®”” The enzymatic hydrolysis procedure is highly
complex and requires the synergistic action of different groups
of enzymes including hydrolases, esterases and lyases.”® The
enzymes responsible for pectin degradation can be majorly
divided into HG degrading (polygalacturonase, EC 3.2.1.15,
pectate lyase EC 4.2.2.2, and pectin lyase EC 4.2.2.10, pectin
methyl esterase EC 3.1.1.11, and pectin acetyl esterase EC
3.1.1.6) and rhamnogalacturonan-I (RG-I) degrading enzymes
(a-arabinofuranosidase EC 3.2.1.55, endoarabinase EC
3.2.1.99, p-galactosidase EC 3.2.1.23, endogalactanase EC
3.2.1.89, feruloyl EC 3.1.1.73 and p-coumaroyl esterases EC
3.1.1.B10).
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Although there are examples of newly isolated enzymes that
are utilized for the synthesis of POS,>” most of the publications
presented the results of commercial hydrolytic enzyme mix-
tures derived from Aspergillus sp.>® For instance, Sabater and
co-workers used the commercial enzyme preparation
Viscozyme® L, multi-enzyme complex from Aspergillus aculea-
tus, for the hydrolysis of artichoke pectin into POS. The enzy-
matic process was optimized using an experimental design
and further analyzed by the application of artificial neural net-
works, yielding 65.9% pectin conversion to POS under the
optimal conditions. The structural elucidation of the obtained
POS revealed the presence of oligosaccharides DP2-DP6 (from
dimer to oligomers with 6 units of monomers), which exhibi-
ted strong radical scavenging activities.’® The same enzyme
was utilized for the conversion of pectin from industrial bypro-
ducts, such as lemon peels, sugar beet pulp®® and onion
skin,’! to form a functionally active POS. The crude pectic
extract from onion skins, mostly made of homogalacturonan
with very scarce rhamnogalacturonan regions, obtained by
sodium hexametaphosphate (SHMP) extraction was processed
utilizing a continuous crossflow membrane bioreactor. The
enzymatic hydrolysis and in situ membrane separation were
combined to obtain high yields of tailor-made POS because
the membrane allows the continuous removal of products of
the targeted DP simultaneously, protecting the POS from
further hydrolysis and monosaccharide formation, and hence
avoiding enzyme inhibition by reaction products. The reaction
resulted in high POS yields (around 60%) provided that
enzyme and substrate concentrations were 41.4 U mL™' and
50 g L™, respectively. Under these conditions, the highest POS
volumetric productivity (22.0 g L™ h™"), as well as the lowest
POS/monosaccharide ratio (4.5 g g') were achieved. Also, it
must be noted that a stable production was achieved for the
whole reaction period and short POS (DP2, DP3, and DP4)
were observed as the main reaction products.®*

In addition to the dominant processes, which include the
utilization of hydrolases, lyases are often applied for the syn-
thesis of POS by cleaving the a-1,4-glycosidic bond of the sub-
strate molecules vig trans p-elimination reactions.®> A recent

OHCOOH
HON 2
OH
O cooH
HON 2
OHCOOH ,
e} Pectin acetyl sterase (6] )
HO COoH
or % ’
O coome HO o
HO o) OH
OHCOOH
Polygalacturonase —0 cooH HO R + OH008H R
HOX2, 5 coome O d
OH o OH
HO OH
OH

Fig. 5 Enzymatic hydrolysis of pectin.
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example of cold-active pectate lyases attracted particular atten-
tion due to their ability to retain high catalytic efficiency at
lower temperatures, simultaneously enabling energy saving,
cost reduction and potentially the preservation of physiochem-
ical properties of the treated products. A new cold-tolerant
pectate lyase (ErPelPL1) gene from Echinicola rosea was cloned,
and thereafter heterologously expressed in Escherichia coli bac-
teria. The enzyme was purified by high-affinity Ni-charged
resin FF (Ni-NTA Sepharose) and the molecular mass of
50 kDa was observed. This enzyme exhibited high catalytic
activity at a low temperature (4 °C), although it exhibited
optimal activity at 35 °C and pH 8.0 in the presence of 1 mM
of Ca®". It was found that wide range of oligosaccharides
(DP2-6) was produced during the reaction course with the pre-
dominance of DP2-3.%

MOS (Fig. 3c) are a group of non-digestible oligosacchar-
ides, which are comprised of 2-10 mannose units linked by
two types of glycosidic bonds (a-1,6 and f-1,4). Accordingly,
MOS can be further divided into two major groups, a- and
B-MOS, mostly based on their substrate source. Small amounts
of naturally occurring MOS can be extracted from the struc-
tural and storage parts of plants; however, the greatest amount
of MOS is nowadays generated by the hydrolytic cleavage of
different naturally occurring mannans (Fig. 6). Although
a-MOS products from yeast cell wall (a-1,6-mannan) hydrolysis
have been well established as a feed additive in the agriculture
industry,®® p-MOS can be derived from mannans, which rep-
resent one of the major constituents (around 50%) of hemi-
cellulose in a variety of plants, primarily softwood, plant seeds
and legumes. Also, certain agricultural by-products (for
example copra meal and palm kernel meal)®® and waste
materials such as spent coffee grounds® have been proven to
be a great mannan source (up to 60% mannans). Plant
mannans may appear as homo- (linear mannan) or hetero-
polymers (galactomannan, glucomannan and galactogluco-

OH ,
CQ'TH/L% oc-GaIactosmW OL"LO
OH 4 OH

View Article Online

Tutorial Review

mannan) of mannose depending on their source, and there-
fore B-MOS are primarily generated through the hydrolytic
activity of p-mannanase (EC 3.2.1.78), leading to the gene-
ration of f-MOS with varying degrees of polymerization (DP).
Different f-mannanases showed different preferences in terms
of potential substrates and potential products, and thus the
achieved yields and DP of the obtained MOS proved to be
highly dependent on the p-mannanase utilized. For example,
using f-mannanase from Aspergillus oryzae (ManAo) under the
same conditions, MOS were obtained from various agricultural
byproducts (locust bean gum (LBG), guar gum (GG), konjac
gum (KG), palm kernel cake (PKC) and copra meal (CM)) in
wide range of yields 9-56%,"® clearly showing specificity
towards particular substrates or more specifically types of
mannans within these substrates. Magengelele et al. examined
the potential of recombinant Aspergillus niger endo-mannanase
(Man26A) expressed in Saccharomyces cerevisiae Y294 for the
conversion of three substrates, ivory nut linear mannan and
two galactomannan substrates with varying amounts of galac-
tosyl substitutions (GG and LBG).*® The enzyme exhibited high
substrate specificity towards locust bean gum and ivory nut
mannan with the major products DP 2-4, while its specificity
towards guar gum was rather low and these reactions gener-
ated MOS of higher DP. However, when considering the quan-
tity of obtained MOS, the results showed a discrepancy, given
that higher yields were achieved when using galactomannans
(4.91 mg mL™" total reducing sugars for guar gum and
3.89 mg mL ™" total reducing sugars for locust bean gum) as
substrates than linear mannan (2.24 mg mL™" total reducing
sugars) during extended periods of mannan hydrolysis. Unlike
these enzymes, some f-mannanases show an obvious prefer-
ence towards unsubstituted regions of linear mannan.
Therefore the utilization of different auxiliary enzymes such as
p-glucosidase (EC 3.2.1.21), p-mannosidase (EC3.2.1.25), as
main-chain mannan-degrading enzymes, and o-galactosidase
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Fig. 6 Hydrolysis of mannans.
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(EC 3.2.1.22), and acetyl mannan esterase (EC 3.1.1.6), which
can enable the removal of the side-chain substituents and
break down the complex structure of substituted mannans,
should be considered.®” Yang et al. showed that the hydrolysis
efficiency of the f-mannanase from Trichoderma reesei is
greatly affected by the side chain of galactoses, which intro-
duces steric hindrance for enzymes. They examined the poten-
tial of a-galactosidase to enhance the hydrolysis of galacto-
mannan from Seshania seeds (26% w/w), by adding the
enzyme separately (firstly treated with a-galactosidase),
sequentially, and simultaneously. Finally, enzymatic hydrolysis
by the simultaneous addition of a-galactosidase significantly
improved the obtained MOS yields (from 17% to 31%).°®
However, it must be noted here that besides the enzyme and
substrate selection, careful optimization of the process con-
ditions should be performed to achieve satisfactory product
yields, and some of these examples are presented in several
review papers.®>®” Besides the achieved yields, the determi-
nation of the DP of the obtained products plays an important
part in the development of the MOS synthesis process,
given that their prebiotic function, as well as their antioxidant,
anti-inflammatory, cryoprotectant, anti-stress and anti-
diabetic potential is highly dependent on this property.
Arunrattanamook et al. used gut the microbiota model micro-
organism Lactobacillus reuteri to examine the prebiotic poten-
tial of synthesized p-MOS.®® Their study showed that medium-
length MOS (DP 4 and DP 5) exhibited the highest prebiotic
potential, given that higher MOS were poorly utilized, whereas
the excessive hydrolysis of mannans resulted in the loss of
selectivity toward beneficial bacteria. Therefore, in terms
of obtaining the most promising MOS prebiotic mixture
and increasing the selectivity toward the production of
medium-length MOS, different strategies have been proposed,
such as changing the sources of mannan or optimizing
the enzymatic hydrolysis conditions and manipulation with
f-mannanase.®®®® In the work by Arunrattanamook et al.,*
they improved the specificity of f-mannanase from Aspergillus
niger (ManF3) toward the desired product size through
rational-based enzyme engineering. Namely, they replaced
tyrosine (Tyr 42 and Tyr 132) in the enzyme active site with
glycine, which being smaller amino acid, enabled the for-
mation of an extended substrate-binding site, and conse-
quently increased the possibility for higher molecular weight
MOS to bind to the enzyme. Finally, this mutation resulted in
additional space for the enzyme to accommodate larger hydro-
lysis products. Mutations of tyrosine into glycine resulted with
enhanced yields of medium-chain MOS (DP4 and DP5);
however, these mutations had reduced hydrophobic inter-
actions within the enzyme molecule, and thus negatively
affected thermal and conformational stability of the mutant
enzymes. This is why it was impossible to obtain a double
mutant enzyme despite it being successfully constructed.

To date, numerous -mannanases have been tested for the
synthesis of MOS, prevalently from genera Aspergillus and
Bacillus.*” However, recent studies have brought to our knowl-
edge a previously scarcely explored group of p-mannanolytic
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enzymes originating from the gut microbiota. For example,
Bhattacharya et al.”® explored the potential of a cell-surface
exposed f-mannanase (BoMan26B) from the abundant gut bac-
terium Bacteroides ovatus for the synthesis of MOS from galac-
tomannan, which is abundant in legumes, and acetyl-galacto-
glucomannan, abundant in softwoods. The reaction yielded
partially acetylated linear and galactosyl-containing B-MOS
(MOS/GMOS) with an approximate degree of polymerization
(DP) between 2 and 6, which was revealed using a newly devel-
oped high-resolution anion-exchange chromatography pro-
cedure. The abundance of MOS derived from galactomannan
followed the order of prevalently DP 5, DP 6 = DP 2 and DP 4,
and finally DP 3, while the profile of MOS derived from acetyl-
galactoglucomannan was slightly different, i.e., prevalently DP
5, followed by DP 4 and DP 2 = DP 3, and finally DP 6. Under
the optimal conditions, the yields of the obtained oligosac-
charides were 33% (w/w) and 30% (w/w), respectively. The pre-
biotic potential of the obtained oligosaccharides was con-
firmed by means of measuring the production of short-chain
fatty acids using the human gut bacteria Bifidobacterium ado-
lescentis ATCC 15703 and Roseburia hominis DSMZ 6839 as
acetate and butyrate producers, respectively.”’

IMO (Fig. 3d) have been defined as a mixture of oligosac-
charides composed of several (usually 2-10) glucose units
linked by a-(1 — 4) and a-(1 — 6) glycosidic bonds. They are
mainly comprised of isomaltose, panose, isomaltotriose, iso-
maltotetraose, isopanose, and higher branched oligosacchar-
ides. Nowadays, a great deal of IMO is synthesized throughout
different chemical and enzymatic processes, but they can be
found in honey and soy-based fermented products, such as
miso and soy sauce, in small quantities. Besides their contro-
versial prebiotic activity due to the existence of readily digesti-
ble o-1,4 linkages, which places them in the emerging prebio-
tics category, they are characterized by high temperature and
pH stability, low viscosity, and low water activity. These pro-
perties enabled the approval of various health claims, making
them interesting for application in the food and feed sectors.”*
IMO are primarily synthesized via the enzymatic conversion of
starch from natural and sustainable plant sources (Fig. 7).
Cereal crops (wheat, rice, barley, and corn), pulses, and tubers
(cassava and potato) are considered the major sources of
starch to produce IMO.”? This process involves the multimeric
enzymatic action of a-amylase (EC 3.2.1.1) and f-amylase (EC
3.2.1.2), which hydrolyze the long and internal starch
branches, together with the starch debranching pullulanase
(EC 3.2.1.41) and transglycosylating a-glucosidase (EC
3.2.1.20), as shown at Fig. 7. During the first phase, thermo-
tolerant a-amylase liquefies the starch via random cleavage of
the a-1,4 linkages, and thereafter a-amylase together with
f-amylase, and pullulanase enables starch conversion to mal-
tooligosaccharides. The subsequent reaction is catalyzed by
a-glucosidase, an enzyme with primary hydrolytic function
that acts on the non-reducing terminal of a-glucosides, but
alternatively can transfer a glucosyl residue to another glucose,
maltose, isomaltose or isomaltotriose molecule via the for-
mation of o-1,6 linkages. Studies have shown that this step is
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Fig. 7 Hydrolysis of starch using different enzymes.

crucial in the synthesis of IMO, and that the right choice of
the a-glucosidase and reaction conditions may greatly influ-
ence the functional activity of obtained products through an
increment in the panose and isomaltose share in oligosacchar-
ides.”” For example, it has been determined that the simul-
taneous processes of saccharification and transglycosylation
are more likely to produce an increase in the yield and pro-
ductivity of IMO from starch compared to the conventional
process, resulting in lower glucose accumulation through
greater transglycosylation. For instance, Duong Hong et al.
developed a simple two-step procedure for the production of
IMO using sweet potato starch as a low-cost substrate.”® Firstly,
they examined the effect of several commercial a-amylase prep-
arations (Spezyme Xtra, Liquozyme SC DS, Spezyme Alpha,
and Termamyl SC DS) on the process of starch liquefaction
(25% w/v) after 30 min with aim to find the most suitable
a-amylase based on the obtained mixture of oligosaccharides.
The targeted oligosaccharide mixture in the first step was DP
2-6, given that it was presumed that it would shorten the sim-
ultaneous saccharification and transglycosylation time
required for the maximum concentration of future IMO with
DP between 2 and 4. Accordingly, the Spezyme Xtra prepa-
ration (1.0 CU g™') was chosen for the liquefaction reaction
given that the highest concentration of desired oligosacchar-
ides (49.24% w/w) without any generation of free glucose and
low generation of starch residue (1.98% w/w) was achieved.
Thereafter, barley p-amylase, pullulanase M2 from Bacillus
licheniformis, and transglucosidase from Aspergillus niger were
used for simultaneous saccharification and transglycosylation
upon the detailed optimization of the enzyme dosage and reac-
tion conditions. Finally, f-amylase (3 U g™"), pullulanase (0.8 U
g™"), and transglucosidase (10 U g™') were applied, leading to

This journal is © The Royal Society of Chemistry 2025
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the generation of 68.85 ¢ L™ of IMO at total reaction time
three times shorter than in previous studies.”

Another approach toward the development of IMO rich in
panose involves the isolation of a new a-glucosidase enzyme
preparation possessing advanced kinetic characteristics, pri-
marily increasing the ratio of transglycosylation to hydrolytic
activity. Kumar et al. isolated for the first time a-glucosidase
from a non-niger Aspergillus isolate with high transglycosyla-
tion potential.”* The new soil isolate was identified as
Aspergillus  neoniger. After purification using a DEAE
Sepharose-CL6B column, a-glucosidase was found to possess
the molecular mass of 145 kDa and some structural simi-
larities with the commercially available a-glucosidase from
Aspergillus niger, although their gene sequences are consider-
ably different. When comparing their activities, it must be
noted that the maltose consumption profiles of both enzymes
were similar, although the initial rate of consumption was
slightly slower in case of the new enzyme. Likewise, the hydro-
lysis rate of maltose to glucose is lower compared to the com-
mercial enzyme, which is quite important given that the low
generation of undesirable by-product can be expected.
Additionally, the new enzyme showed higher potential for the
synthesis of panose in comparison to the commercial enzyme,
as well as a reduction in the secondary hydrolysis of panose
rate.”* Therefore, it can be concluded that this enzyme shows
great potential for the synthesis of IMO. Successful maltose
conversion into desirable IMO (panose, isomaltose and iso-
maltotriose) can be also achieved using Saccharomyces cerevi-
siae cells with a-glucosidase activity.”® Namely, the aglA gene
that encodes a-glucosidase from Aspergillus niger, known for
its transglycosylating activity, was expressed in Saccharomyces
cerevisige in a manner that yeast cells can be used directly as
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the catalytic agent. The aglA gene was fused to glycosylpho-
sphatidylinositol anchor sequences from the yeast SED1 gene,
which enabled the stable attachment of the resulting hybrid
enzymes to the cell surface. Thereafter, the potential of the
obtained enzyme preparation to perform maltose conversion
into IMO was examined. After 8 h incubation, the only reaction
product present at a significant concentration was panose.
Despite the fact that panose and glucose were produced at
equimolar concentrations in the transglycosylation reaction,
glucose was most likely consumed by the yeast during this
initial period, given that it was not detected in the reaction
mixture. As the reaction progressed, the glucose concentration
increased, becoming available as the acceptor to produce iso-
maltose. Therefore, after 24 h, the main transglycosylation
product was isomaltose, with lower but significant amounts of
panose and isomaltotriose, and low concentrations of higher
IMO.”™*

An alternative method for the production of IMO is based
on sucrose as the substrate for the synthesis of dextran
through the activity of dextransucrase (EC 2.4.1.5), and the
subsequent conversion of dextran into IMO using the activity
of dextranase (EC 3.2.1.11). Similar to IMO production from
starch, the highest interest from the scientific community is
the development of efficient transglycosylation processes.

Chitin is a polymer composed mostly of GIcNAc units
linked by -1 — 4 bonds, together with small amounts of GIcN.
It is one of the most abundant polymers in nature, together
with cellulose. Natural sources of chitin include exoskeletons
of arthropods, mollusks, marine crustaceans, and various
microorganisms.””® The large quantities of shell and exoske-
leton waste generated by these sources contribute to ocean
and environmental pollution. As a result, numerous studies
have been conducted on exploring the potential applications
of chitin and its derivatives. Thus, these polymers have been
used as food stabilizers, dietary fiber, and in healthcare.””"”®
However, their crystalline structure, resulting from their high
proportion of hydrogen bonds, makes them poorly soluble in
most solvents. Therefore, the deacetylated product has also
garnered interest due to its improved solubility in water and
greater chemical modifiability, which often results in higher
physiological activity. Chitosan is the deacetylated product of
chitin. It is typically produced using chemical methods on
a large scale, which consume significant amounts of acids
and energy, making them environmentally unsustainable.
Alternatively, enzymatic hydrolysis methods offer many advan-
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tages over chemical methods, including high efficiency under
environmentally benign conditions. Biosynthetic methods are
used to prepare various oligosaccharides, including those
derived from natural and semi-synthetic sources. These carbo-
hydrates, known as CHOS (Fig. 3e), possess beneficial biologi-
cal properties, such as antibacterial,”® immunoprotective,®°
antitumor,®" and improvements in intestinal health.®” As a
result, they have significant applicability, particularly in the
food industry.

CHOS can be enzymatically produced through chitin hydro-
lysis processes or synthesis processes from monomeric or
short-chain molecules. Chitin hydrolysis processes are cata-
lyzed by the enzyme chitinase, which has endo- and exo-chiti-
nase activity (EC 3.2.1.14 and 3.2.1.29, respectively) (Fig. 8).
Other enzymes, such as lysozyme, lipase, pectinase, glucanase,
and papain, have also been described to catalyze the hydrolysis
of chitin.®* Yamabhai et al described the use of chitinase
from an extract of Bacillus chitosanase, BsCsn46A, which was
capable of producing oligosaccharides of 2-3 sugar units after
a 48 h reaction. This study also demonstrated the anti-inflam-
matory activity of these oligosaccharides.®*

Oligosaccharides can be obtained from monomer units
through a hydrolytic process. This reaction is typically cata-
lyzed by the enzyme glycoside hydrolase, either through
reverse hydrolysis or transglycosylation.

2.2. Emerging polyphenolic prebiotics

According to the latest definition of prebiotics by the ISAPP in
2017, a compound is considered a prebiotic if it positively
impacts the structure and activity of the microbiota, thereby
enhancing the host health.®® This broader definition has
spurred increased and more intensive research into the syn-
thesis and evaluation of potential prebiotics for two main
reasons. Firstly, it expands the range of compounds that meet
this criterion, and secondly it acknowledges that the targeted
microbiota includes not only the gut but also the skin, thereby
involving different microorganisms that respond to different
prebiotics.

Polyphenols are among the most thoroughly researched
emerging prebiotics. These compounds are widely known for
their beneficial bioactivities, such as antioxidant, antiathero-
genic, and anti-inflammatory.®*®®” Nowadays, the effect of
different polyphenol structures on the human microbiota is
analyzed to select those with prebiotic properties, and thereby
a novel field of application. Based on reports of polyphenols as
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Fig. 8 Hydrolysis/synthesis of chitin oligosaccharides catalyzed by chitinase/glycoside hydrolase.
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compounds that simultaneously exhibit a stimulatory effect on
beneficial human microbiota and antimicrobial activity
against pathogens, conferring a health benefit, a novel classifi-
cation of polyphenols has been suggested, ie., an emerging
class of “duplibiotics”.®® Polyphenols act as prebiotics by influ-
encing the gut microbiota through complex interactions with
microorganisms. Some studies have shown that they uniquely
support the growth of beneficial commensal microorganisms,
while inhibiting the growth of pathogens.?”*® The most repre-
sentative studies dealing with polyphenol-rich extracts as
potential prebiotics are presented in Table 1. Evidence is avail-
able on the prebiotic activity of plant extracts rich in certain
types of flavonoids; however, a straightforward relationship
between specific structures and prebiotic activity has only
been established in a limited number of human studies.
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Polyphenolic compounds can be classified into various
groups based on their chemical structures, including flavo-
noids, phenolic acids, tannins, coumarins, quinones, stil-
benes, and lignans and different types of polyphenol struc-
tures, as presented in Fig. 9.5

They are commonly extracted from these raw materials by
conventional extraction methods, which involve the utilization
of organic solvents. However, novel environment-friendly
extraction techniques, which rely on the use of microwaves,
ultrasound and enzymes, together with greener media such as
deep eutectic solvents, water and supercritical fluids, are nowa-
days being extensively examined.'***°>

Enzyme-assisted extraction procedures have emerged as
very promising, given that in addition to the ability of cell wall
degrading enzymes to improve the polyphenol extraction

Table 1 Review of the studies of examining polyphenol-rich extracts as potential prebiotics

Microbes stimulated in the

Microbes inhibited in the

Dosage of the

Techniques used

Polyphenols gut gut polyphenol for the analysis Ref.
Orange juice rich in Lactobacillus, Akkermansia, — 300 ml per day orange In vivo study using 90
hesperidin and naringenin and Ruminococcus juice for 60 days human faces, qPCR
Mango rich in Lactococcus lactis Clostridium leptum, 400 g of mango per Invivo study using 91
gallotannins and gallic Bacteroides thetaiotaomicron  day for 6 weeks human faces, qPCR
acid
Blackcurrant extracts Bifidobacteria, Lactobacilli Bacteroides, Clostridia 2 mL of berry extracts  In vivo study using 92
per day for 4 weeks the cecal of rats,
FISH
Blackcurrant extract Bifidobacteria, Lactobacilli Clostridium spp. and 672 mg of Invivo study using 93
powder Bacteroides spp. blackcurrant powder  human faces, FISH
perd
Mixture of anthocyanins Bacteroidetes Firmicutes and 215 mg anthocyanins  In vivo study using 94
from blueberry, black Actinobacteria per d for 8 weeks human faces
currant and black rice
extracts.
Cranberry powder rich in A muciniphila, — 200 mg of Invivo study using 95
anthocyanins Muribaculaceae, polyphenols per kg of  the faces of HFHS-
D. newyorkensis, Angelakisella, body weight in mice fed mice
Coriobacteriaceae, for 8 weeks
Eggerthellaceae
Concord grape Akkermansia muciniphila reduction in the ratio of 1% Concord grape Invivo study using 96
polyphenols rich in Firmicutes to Bacteroidetes  polyphenols for 13 the faces of C57BL/
anthocyanins weeks 6] mice.
Bilberry extract rich in Lactobacillus reduction of the Firmicutes/ 10, 20 or 40 mg Invivo study using 97
anthocyanins Bacteroidetes ratio extract per kg body the faces of
weight per day for 70 ~ Sprague-Dawley rats
days
Green tea extract rich in Lactococcus and Akkermansia Turicibacter and Romboutsia 5 mg per kg Invivo study using 98
Epigallocatechin gallate bodyweight per day the faces of C57BL/
Dark tea extract rich in Lactococcus and Akkermansia Turicibacter, Parasutterella, for 4 weeks 6] female mice
gallocatechin Lachnoclostridium
Gallic, ellagic acid, Bifidobacterium spp., E. coli 2% of triphala extract  In vivo study using 99
chebulinic acid from Lactobacillus spp. for 3 weeks Drosophila
triphala melanogaster; PCR
Fermented papaya juice — Firmicutes, Clostridium 9 g fermented papaya  In vivo study using 100
rich in gallic and caffeic scindens/Eggerthella lenta juice per day for 30 human faces, qPCR
acids days
Chlorogenic acid Bacteroidaceae, Desulfovibrionaceae, 150 mg kg~ " day " for  In vivo study using 101
Lactobacillaceae Ruminococcaceae, 6 weeks the cecum of mice
Lachnospiraceae,
Erysipelotrichaceae
Ripened Pu-erh tea extract  Roseburia and Akkermansia Reduction of the Firmicutes/ 0.4% of water extract  In vivo study using 102
rich in catechins Bacteroidetes ratio for 8 weeks