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Abstract

Xylan is the most abundant constituent of hemicellulose fraction of lignocellulosic biomass. Short xylooligosaccharides
(XOS), obtained via xylan hydrolysis, have well-known prebiotic and antioxidant properties that are beneficial for human
and animal health. In this study, two alternative pretreatment strategies (alkali and hydrothermal) and three different enzymes
were applied for enzymatic XOS production from sugarcane bagasse. The enzymatic hydrolysis was performed with nine
different combinations of recombinant endo-xylanases from GH11 and GH10 families and GH11 xylobiohydrolase. Hydro-
thermal pretreatment followed by optimized enzymatic hydrolysis yielded up to 96 + 1 mg of XOS per gram of initial biomass,
whereas enzymatic hydrolysis of alkali-pretreated sugarcane bagasse rendered around 47.6 + 0.2 mg/g. For both alkali and
hydrothermal routes, the maximum yields of short-length XOS were obtained using the GH10 xylanase alone. Furthermore,
differences in XOS profiles obtained by controlled mixtures of the enzymes have been evaluated. For both routes, the best
yields of short-length XOS were obtained using the GH10 xylanase alone, which is consistent with the notion that sugarcane
xylan substitutions partially hinder GH11 xylanase activity. The results presented here show that a green and cost-effective

hydrothermal pretreatment path for xylooligosaccharides production, rendered considerably better XOS yields.
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Introduction

Lignocellulosic materials (LCM), such as sugarcane
bagasse (SCB), are important and abundant sources of
polysaccharides and lignin. In Brazil alone, the world’s
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biggest producer, 654.5 million tons of sugarcane from the
2020/2021 harvest were crushed, yielding 41.3 million tons
of sugar and 29.7 billion liters of ethanol, while generat-
ing around 230 million tons of solid residues (CONAB,
2021). LCM are mainly composed of cellulose, hemi-
celluloses, and lignin, playing a fundamental role in the
composition of the plant cell wall. Hemicelluloses, which
represent around 20 to 35% of plant biomass, comprise
heteropolysaccharides such as xylan, for example (Timell,
1967). Xylan has multiple biotechnological applications in
the production of biofilms (Alekhina et al., 2014), paper
coatings, adhesives (Farhat et al., 2017), and biofuels, to
name a few.

Xylan is the second most abundant renewable natural
polysaccharide after cellulose. Its backbone consists of
D-xylopiranosyl (Xylp) residues covalently bound via f-1,4
linkages. Xylan composition may vary according to plant
species, but, in general, it presents side substituents such
as a-1,2 linked glucuronic acids (GlcA and MeGIcA) in
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glucuronoxylans and/or a-1,3 linked arabinofuranosyl residues
(Araf) in arabinoxylans (Deutschmann & Dekker, 2012).

Previously, it has been identified that sugarcane contains
arabinoglucuronoxylan as the main fraction of its hemicel-
lulose, which may bear L-arabinose decorations mainly at
the position 3 of the xylopyranose residues and 4-O-methyl-
glucuronic acid decorations mainly at position 2 (Fig. 1),
with Araf substitutions being 3—fivefold more frequent than
MeGIcA decorations (Carvalho et al., 2016). Arabinoglu-
curonoxylan also could be acetylated at positions 2 and 3
(Biely et al., 2016).

It is well established that xylooligosaccharides (XOS),
a product of xylan hydrolysis under controlled conditions,
have many positive impacts on animal and human health,
such as reduction of cholesterol levels, enhancing calcium
absorption, lipid metabolism regulation, and diminish-
ing the chances of colon cancer development associated
with intestinal activity control, effects that have also been
observed with other hemicellulose-originated oligosaccha-
rides (Capetti et al., 2023; Hong et al., 2016). XOS impact
on the digestive system, especially short ones, as X2-X4
(Vazquez et al., 2000), is due to their prebiotic effect, i.e.,
their ability to selectively stimulate the growth of beneficial
bacteria, like those of Bifidobacterium genus (Singh et al.,
2015). Additionally, XOS can also act as antioxidants due to
the presence of uronic and ferulic acids in their decorations
(Vieira et al., 2020) and as antimicrobials (de Freitas et al.,
2019; Hitache et al., 2023), counterbalancing the potential
proliferation of pathogenic bacteria, including Salmonella
(Asahara et al., 2001).

To produce XOS, it is crucial to perform a pretreatment
in the biomass to disrupt the lignocellulosic recalcitrant
complex. This pretreatment can be chemical, physical, or
biological. The main objective is to solubilize the cell wall
and to make the polymeric components accessible for further
enzymatic hydrolysis. After this, XOS can be obtained by
enzymatic hydrolysis. Alkali pretreatments, commonly per-
formed employing sodium hydroxide, potassium hydroxide,
ammonium hydroxide, or calcium hydroxide solutions, result
mainly in lignin solubilization, deacetylation, and disruption
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Fig. 1 Schematic representation of sugarcane arabinoglucuronoxylan
structure. GH10 and GHI11 cleavage sites are indicated with black
and red arrows, respectively. Orange stars represent D-xylopyranose
(Xylp) residues, while arabinofuranosyl (Araf) decorations are shown
as green stars, 4-O-methyl glucuronic acid (MeGlcA) decorations as
blue and white square and acetyl groups are represented as “Ac”

GH10 cleavage site

GH11 cleavage site

of lignocellulosic complex, allowing for subsequent enzy-
matic hydrolysis (Yuansah et al., 2023).

Alternatively, hydrothermal pretreatment is a cheap,
clean, and effective pretreatment strategy, which relies
on pressurized hot water to solubilize hemicellulose from
plant biomass (Costa et al., 2023; Espirito Santo et al., 2018;
Wang et al., 2012). However, high severity pretreatments
can lead to undesirable co-products and inhibitors produc-
tion (furfural, hydroxymethylfurfural) and to degradation of
significant part of xylan into xylose (Yuansah et al., 2023).
Therefore, less severe pretreatments are preferable for XOS
production. Once xylan is isolated or solubilized, enzymatic
hydrolysis can be performed to obtain short-length XOS (de
Souza & Kawaguti, 2021; Santibafez et al., 2021; Yuansah
etal., 2023).

Xylanases differ in their specificities and tolerances for
xylan decorations, including acetylation. GH10 xylanases
are capable of cleaving the xylan main chain if there are two
consecutive undecorated xylopyranose residues, whereas
xylanases from GH11 family require three consecutive
undecorated xylopyranose residues, tolerating Araf deco-
rations in positions —3, — 2, and + 2 (Capetti et al., 2021).
Given the considerable proportion of L-arabinose decora-
tions (about 20% of SCB arabinoxylan; (Campbell et al.,
2019)), GH10 xylanases would potentially have more avail-
able cleavage sites and therefore should be able to generate
a higher number of hydrolytic products.

Furthermore, exo-acting GH11 xylobiohydrolase have
been recently discovered in the metagenomic studies of
composting microbial consortium (Evangelista et al.,
2019; Mello et al., 2017). The detailed molecular mecha-
nism of their activity was recently uncovered (Kadowaki
et al., 2021), explaining the structural reasons of why these
enzymes, acting from non-reducing ends of xylan chains,
liberate xylobiose as a main hydrolytic product (Evangelista
et al., 2019; Mello et al., 2017).

Although xylanases are widely applied for enzymatic
XOS production (de Souza & Kawaguti, 2021; Yuansah
et al., 2023), detailed studies of the differences in hydro-
lytic product profiles obtained using enzymes from different
GH families are scarce (Gufe et al., 2022) and often employ
purified xylan as substrate or use combinations of xylanases
with accessory enzymes (Malgas et al., 2019). Furthermore,
possible synergies between GH10 and GH11 xylanases and
GH11 xylobiohydrolases in XOS production from SCB have
not been studied as so far. Herein, we set out to compare
XOS production using alkali and hydrothermally pretreated
sugarcane bagasse. The solid fraction of the alkali-pretreated
SCB and both solid and liquid fractions of the hydrother-
mal pretreated SCB were used to produce XOS. In addition,
different possible combinations of GH10 and GH11 xyla-
nases (PxXynl0A, PxXynl1B) and GH11 xylobiohydrolase
(MetXyn11) were evaluated, aiming to optimize the mixtures
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of the enzymes for elevated yields of short-chain XOS with
high prebiotic potential.

Material and Methods
Raw Material

Sugarcane bagasse provided by Raizen (Cosan Group,
Piracicaba, SP, Brazil) was used for XOS production. The
substrate was washed with water at a temperature of 50 °C
to remove remaining sugars and impurities. Next, SCB
samples were dried at 40 °C until humidity drop below
10%. Finally, the biomass was milled with a knife mill to
approximately 20-mesh and stored in plastic bags at room
temperature until used.

Biomass Pretreatment

Alkali pretreatment was performed with 1% w/v NaOH solu-
tion and the solid/liquor ratio of 1 g of biomass dry mass
per 10 mL of pretreatment solution. The mixture was taken
to autoclave for 40 min at 120 °C. The solids were recov-
ered via filtration and used for composition analysis and
XOS production. The solids were recovered via filtration
and used for composition analysis and XOS production. A
minute fraction of oligosaccharides was present in the liquid
fraction, and therefore it could not be used to produce XOS.

For the hydrothermal pretreatment, we utilized a 1-L Parr
reactor, maintaining the solids load at the proportion 1:10
(w/v). The reaction proceeded at 160 °C and 73 psi, for 1 h
under 250 RPM mechanical agitation. After the pretreatment
was finished, the reactor was inserted in a bucket full of ice.
The liquor was then separated from the solids via vacuum
filtration. Both liquid and solid fractions were used as sub-
strates for XOS production.

Samples of liquid fractions from both alkali and hydro-
thermal pretreatments were analyzed via high-performance
anion exchange chromatography (HPAEC) in the same con-
ditions as described in “Analytical Methods for Xylooligo-
saccharides Quantification” in order to assess XOS produc-
tion from pretreatments alone.

Chemical Characterization of the Biomass

National Renewable Energy Laboratory (NREL, Golden,
CO, USA) methodology was used for determination of
structural carbohydrates, lignin, ash, and extractives (Sluiter
et al., 2008a, b), with adaptations as described and validated
by Gouveia et al. (2009).

In brief, prior to chemical characterization and only
in non-treated biomass samples, we performed a Soxhlet
extraction with 1:1 cyclohexane—ethanol solution under
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reflux for 8 h. Five cycles of water extraction followed, also
for 8 h/cycle. The samples were then dried and weighted, so
that a proportion of extractives could be determined.

For quantification of carbohydrates and lignin, the pro-
cedure consists of two consecutive hydrolysis steps of the
biomass samples. The first hydrolysis was conducted with
concentrated acid conditions (H,SO, 72%, 7 min at 45 °C).
The mixture was diluted to 4% H,SO, and then taken to
autoclave for 30 min at 121 °C, condition under which the
second hydrolysis took place. The samples were then fil-
trated to separate soluble and insoluble fractions.

The resulting liquids were analyzed in a high-perfor-
mance liquid chromatography system (HPLC), responsi-
ble for quantifying compounds that make up cellulosic and
hemicellulosic fractions, such as glucose, xylose, acetic acid,
formic acid, and arabinose.

The HPLC chromatography system is equipped with a
refraction index detector, UV-VIS detector and an Aminex
column (HPX-87H, 300 % 7.8 mm, Bio-Rad, USA). The elu-
ent used was sulfuric acid 5 mM, with a flux of 0.6 mL/min
for 60 min. Arabinose, glucose, xylose, and acetic acid solu-
tions were utilized as standards. Soluble lignin fraction was
quantified via spectrophotometry measurements at 280 nm
wavelength (Sluiter et al., 2008b).

Physical Characterization of the Biomass

Untreated and pretreated biomass samples had their physi-
cal properties assessed through three techniques: confocal
laser scanning microscopy, X-ray diffraction, and nuclear
magnetic resonance.

Confocal Laser Scanning Microscopy

The distribution of lignin in the cell walls of treated and
untreated sugarcane bagasse was assessed with confocal
laser scanning microscopy (CLSM) technique. A Zeiss LSM
780 confocal microscope with a plan-apochromat objective
lens (20 X) and a coherent chameleon laser (Ti—Sapphire)
for two-photon excitation was used to measure lignin fluo-
rescence. Prior to microscopic analysis, water was added to
samples to form a suspension, which was the set on cover
slides. Three scans were performed to form each image,
which contains 1024 X 1024 pixels with a lateral resolution
of about 300 nm.

Space-Spectral Mapping Analysis

Deeper quantitative analysis of CLSM images was carried
out through the spectral space mapping method (Forgy,
1965; Ma et al., 2010). With this technique, each pixel is
individually characterized and assigned to clusters using
the K-means method, which has been previously described
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(Pellegrini et al., 2022). Then, cluster population sizes are
evaluated relative to the total number of pixels in the image
and average K-spectra are obtained and normalized to be
graphically displayed.

X-Ray Powder Diffraction

X-ray powder diffraction was used to obtain crystallinity
indices (Crls) and crystallite widths of the biomass cellulosic
fraction. Data collection was carried out in ambient temper-
ature, in a Rigaku Rotaflex diffractometer model RU200B
(Tokyo, Japan) equipped with a graphite monochromator,
set at 45 kV and 36 mA. Scan range was from 5° to 50°,
with 0.05° steps, using copper X-ray radiation at 1.54 A and
15 s exposure time. Calculation of Crls and crystallite widths
were performed with empirical method described by Segal
et al. (1959) and Scherrer equation (Monshi et al., 2012;
Scherrer, 1912), respectively.

Enzymatic Hydrolysis

To obtain well-defined XOS mixtures from xylan, GH10 and
GHI11 xylanases (PxXyn10A (GenBank: WP_053782506.1)
and PxXyn11B (GenBank: WP_053781844.1)), respectively,
both from Paenibacillus xylanivorans (Ghio et al., 2018)
and GH11 exo-B- xylobiohydrolase (MetXyn11 (GenBank:
ATY75129.1)), identified in a metatranscriptome analysis
of a consortia of sugarcane bagasse compost-derived
microbes (Evangelista et al., 2019) were utilized alone and
in combinations. Heterologous expression and enzyme
purification were successfully performed as described in
aforementioned works. We have used the solid fraction of
the alkali-pretreated SCB and both solid and liquid fractions
originating from hydrothermal pretreatment as substrates for
XOS production.

Enzymatic hydrolysis using the solid fraction was car-
ried out with the biomass w/v ratio of 2% in phosphate
buffer 50 mM at pH 6.0 and 50 °C. Two-milliliter reactions
were kept under agitation (1000 RPM) in a ThermoMixer®
(Kasvi, Brazil), for 48 h. 33% (v/v) of liquid substrate
obtained from hydrothermal pretreatment (SCB-HT-Liq)
was used to perform hydrolysis.

Single enzymes were used at 6.25 mg/g of biomass dos-
ages. In addition, searching for possible synergistic effects,
PxXyn10A, an endo-xylanase from GH10 family, was sup-
plemented with a GH11 family endo-xylanase PxXynl11B
or exo-xylobiohydrolase MetXyn11 in different proportions.
Enzymes were used at mass ratios (GH10:GH11) of 3:0; 2:1;
1:1; 1:2, and 0:3.

Nine different enzyme combinations were applied
to each of the biomass samples and reactions were per-
formed in duplicates. Given a fact that liquid fraction after
alkaline pretreatment contained mostly solubilized lignin

fragments, it was not considered for XOS production and
only remaining solid fraction was employed for this pur-
pose. Samples without addition of the enzymes (0:0) were
used as control groups.

Analytical Methods for Xylooligosaccharides
Quantification

After 48 h of enzymatic hydrolysis, samples were boiled
at 95 °C for 5 min and centrifuged at 17,000 X g for 5 min.
Products from enzymatic hydrolysis were analyzed by
HPAEC coupled with pulsed amperometric detection using
ICS-5000 system (Dionex, Sunnyvale, USA) equipped with
a CarboPac PA1 analytical column 250 mm X 2 mm (Dionex,
Sunnyvale, USA). Two buffers were utilized to elute the
samples. First, sodium hydroxide 100 mM buffer (buffer
A) and the second is sodium acetate 500 mM plus sodium
hydroxide 100 mM (buffer B). The flux was adjusted to
0.3 mL/min, the temperature was set to 30 °C, the injection
volume was 1 pL. Samples were filtered using 0.22-um fil-
ters (Perfectalab, Sao Paulo, Brazil) prior to injection.

XOS with DP up to 6 in hydrolysates were determined
using a calibration curve of X1-X6 standard mixtures (all
from Sigma-Aldrich, St. Louis, USA). XOS yields (Yxog)
from solid substrates, in mg per gram of initial biomass,
were calculated as follows:

Yxos = [XOS]/[substrate] Ypp (1

where substrate concentration ([substrate]) was 2% and Ypr,
pretreatment yield, was determined by the relation:

Ypr = (massrecovered af ter pretreatment)/(initial mass)
@)
Here, pretreatment yields were 60% and 65% for alkali
and hydrothermal pretreatment, respectively.
Yield of XOS from liquid substrates was calculated as
follows:

Yxos = [XOS]/[substrate] - (total liquor volume) / (initial mass)
3
In this case, the substrate concentration (/substrate ) was

33% and the ratio of total liquor volume and initial biomass
prior to hydrothermal pretreatment was 16.6 L/g.

Results and Discussion

Chemical Characterization of Biomass

A key process for successful enzymatic hydrolysis is bio-
mass pretreatment, which is responsible for reducing ligno-

cellulosic complex recalcitrance, hence changing plant bio-
mass chemical composition (Rezende et al., 2011). Chemical
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characterization of SCB samples prior and after being sub-
mitted to alkali or hydrothermal pretreatments were per-
formed and constituents’ proportions are given in Fig. 2.

Chemical composition of untreated sugarcane bagasse
(SCB) is consistent with previously published data (Espirito
Santo et al., 2018; Poletto et al., 2020). Both pretreatments
led to removal of extractives.

The lignin content was reduced to 10.7% after alkali pre-
treatment, which is in agreement with previous studies that
employed this method to pretreat LCMs (Rezende et al.,
2011; Zhu et al., 2016). Furthermore, no acetyl groups were
detected in this sample, as a result of hemicellulose deacety-
lation due to alkaline pretreatment (Castro et al., 2017; Zhu
et al., 2016). A solids recovery of 60% was achieved after
alkali pretreatment.

On the other hand, hydrothermal pretreatment, after
which we were able to recover 63% of solids, led to a
decrease in xylan content from 22.6% in the untreated bio-
mass to 15.6%, similar to what was described by (Espirito
Santo et al., 2018). In the latter study, a decrease to 15.8%
has been observed. Simultaneously with these changes, the
content of cellulose in the pretreated samples increased to
49.5% in SCB-Alk and 47.0% in SCB-HT, as consequence
of other components removal. In fact, when corrected by the
pretreatment yields, it becomes clear that part of cellulose
mass was actually lost in the pretreatment processes.

Furthermore, analysis of the acetyl group presence in
each sample shows that xylan present in the alkali-pretreated
material is almost completely deacetylated, while only

partial xylan deacetylation was provoked by hydrothermal
pretreatment. The results are consistent with the mecha-
nisms of pretreatments, since the alkali solution neutralizes
acetyl groups fully, whereas hydrothermal pretreatment uses
a change in water pKa as a result of increasing tempera-
ture, which releases acetyl groups from xylan. This further
reduces pH, acting as a catalyst for xylan depolymerization
(Ruiz et al., 2013).

Physical Characterization of Biomass

In addition to chemical composition changes, pretreatments
also modify physical properties of biomass (Scapini et al.,
2021; Wu et al., 2020). To further understand how pretreat-
ments affected lignocellulosics, we recurred to confocal
laser scanning microscopy and X-ray powder diffraction
experiments to assess crystallinity, average crystallite sizes,
and lignin (re)arrangements in biomass samples. These
properties are associated to enzymatic hydrolysis efficiency,
as models suggest that accessible surface area, the presence
of lignin and enzyme diffusion are determining factors for
enhanced hydrolysis (Zhang, Ren et al., 2021; Zhang, Han
etal., 2021).

Confocal Laser Scanning Microscopy
Confocal laser scanning microscopy (CLSM) of lignin auto-

fluorescence using two-photon excitation is a powerful tool
to characterize lignin organization and aggregation and in
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Fig.3 Confocal laser scanning microscopy images and image pro- »
cessing results for untreated bagasse (A, B, C, D), alkali-pretreated
SCB (E, F, G, H), and hydrothermal pretreated SCB (1, J, K, L)

the native plant biomass and changes in lignin interactions
imposed by delignifying pretreatments (Coletta et al., 2013;
Espirito Santo et al., 2018; Pa&s, 2014). The absorption cross
section of two-photon excitations is larger for molecular
aggregates than for isolated lignin molecules. This confers
a more selective excitation of condensed and aggregated
lignin assemblies. Furthermore, molecular aggregates pre-
sent intermolecular interactions such as hydrogen bonds and
van der Walls forces that energetically disturb the electronic
states of the lignin molecules that compose the aggregates.
Such interactions, even if weak, produce a strong energetic
broadening and a shift of the density of molecular states
affecting their optical properties mainly in the region of
lower energies. These new low-energy fluorescent states can
be accessed by optical excitation via energy transfer mecha-
nism followed by energy relaxation.

Previous confocal microscopy results suggest that lignin
in native SCB is organized in the microscopic environments,
stabilized by molecular interactions of lignin with hemicel-
lulose and other biopolymers of the plant cell wall (Coletta
et al., 2013; Espirito Santo et al., 2018). The thermochemical
pretreatments disrupt natural organization of plant cell walls,
which could lead to the formation of lignin aggregates and/
or lignin degradation and solubilization (Brar et al., 2020;
Coletta et al., 2013; Espirito Santo et al., 2018).

Here, we applied spectral CLSM to identify and char-
acterized changes in the molecular organization of lignin
within the SCB cell walls promoted by applied pretreat-
ments. Three high-contrast CLSM images acquired in spec-
tral mode of native, hydrothermally, and alkaline-pretreated
SCB samples are given in Fig. 3A, E, and I, respectively.
The samples were excited by two photons at 800 nm wave-
length (1.54 eV) which produces optical transitions with the
energy of around 3.1 eV (~400 nm, ultraviolet region). To
ensure homogeneous spreading and horizontal deposition
on a microscopic glass slide, the images were obtained on
wet samples with the same field of view of 400 x 400 pum?
(1024 x 1024 pixels). The colors in the images in Fig. 3 A,
E, and I result from an RGB decomposition of the measured
spectrum for each image pixel in the visible region between
400 and 700 nm.

Therefore, changes in the color of each SCB fragments
in the spectral images faithfully reflect relative variations
in the intensities of the emission bands or eventual band
shifts. Multivariance statistical analysis was applied to
obtain additional information contained in the CLSM spec-
tral images. Similar spectra were grouped into clusters, of
which five most representative spectra were classified. Five

Occurrence

Occurrence
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most representative spectral classes for each image are given
in Fig. 3B, F, and J, and their relative weights are given in
Fig. 3C, H, and L. It is clear that applied pretreatments mod-
ify lignin autofluorescence by shifting resulting autofluores-
cence spectra to red and enriching long-wavelength associ-
ated spectral classes (Fig. 3). Predominant spectral classes
in the native SCB samples are associated with the lignin
autofluorescence emission in blue and dark-blue region
(Fig. 3B). Hydrothermal pretreatment leads to considerable
spectral redistribution, with almost equal contributions from
spectral classes associated with dark-blue, blue, green, and
yellow emission (Fig. 3H), whereas alkaline pretreatment
further adds red spectral component to it, revealing changes
in the lignin organization (Fig. 3L).

The spectral classes demonstrate a decrease in the inten-
sity of the bands associated with native, non-modified lignin
(blue and dark blue) with simultaneous increase in the inten-
sity and the spectral shift to the band associated with modi-
fied and possibly aggregated lignin (yellow and red). This
indicates that an increase of modified lignin fraction results
from the reduction of the native, non-modified lignin in the
process of pretreatments. Thus, the observed changes in the
fluorescence emission related to modified lignin are due
to the increase in a number of the modified lignin species
as well as to the broadening of the density of lignin states
due to the higher diversity of molecular interactions in the
modified lignin fraction. These two effects enhance electron
migration processes and energetic relaxation of the excited
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state to lower energy-emitting states in the lignin aggregates,
resulting in the observed spectral changes of the lignin auto-
fluorescence emission.

Furthermore, alkaline pretreatment leads to more het-
erogeneously emitting samples, presumably resulting from
chemical modifications of lignin and its heterogeneous solu-
bilization and removal from the pretreated samples into solu-
tion (compare Fig. 3G, K).

X-Ray Powder Diffraction

Efficiency of enzymatic hydrolysis of plant biomass can
be strongly impacted by the recalcitrance and crystallinity
of the biomass samples (Espirito Santo et al., 2018). The
crystallinity could be significantly impacted by the applied
pretreatments, and for this reason we decided to determine
crystallinity indices (Crls) and the average size of the crys-
tallites of raw and pretreated bagasse samples using X-ray
powder diffraction (XRD; Fig. 4).

The Crls of alkaline-pretreated sugar cane bagasse sam-
ples were significantly different from original, untreated
SCB (Fig. 4). Comparison of chemical composition
analysis of SCB samples (Fig. 2) and their crystallinity
indices (Fig. 4) shows that the changes in SCB samples
crystallinities were primarily due to removal of lignin
fractions, caused by pretreatments. Hydrothermal pre-
treatment which did not result in strong lignin removal
(Fig. 2) did not result in considerable changes in Crls
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Fig.4 Crystallinity index (A) and cellulose crystallite width (B) of untreated and pretreated solid residues from alkali and hydrothermal pretreat-
ment on sugarcane bagasse. Results are expressed as mean + standard deviation of triplicates (n=3)
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Table 1 Fractions of the biomass component that were transferred to
the liquor after applied alkaline and hydrothermal pretreatments

Component Alkali pretreatment Hydrothermal
pretreatment

Glucan 15% 15%

Xylan 37% 57%

Acetyl groups 100% 59%

Total lignin 74% 27%

for hydrothermally pretreated samples. Indeed, CrIs esti-
mates based on the Segal equation (Fig. 4) agree well with
the decrease in lignin contents of the pretreated samples
(Fig. 2). Lignin and also partial hemicellulose removal
allow for direct interfacing between cellulose crystallites,
enabling co-crystallization and hornification of the result-
ing samples that have larger crystallites and higher crys-
tallinities. This notion is in line with our results (Fig. 4),
which reveal that the applied alkaline pretreatments
resulted in higher Crls and larger crystallites. Both Crls
and the average crystallite sizes were larger for alkaline-
pretreated SCB samples, presumably because of the strong
and heterogeneous removal of lignin, as demonstrated by
CSLM images (Fig. 3) and chemical composition analyses
(Fig. 2). Hydrothermal pretreatment resulted in the sam-
ples with smaller Crls and average crystallite sizes, which
were closer to the raw SCB samples (Fig. 4), which is in
line with CLSM analyses (Fig. 3). This also indicates that
lignin removal was crucial for observed changes in Crls
and the average crystallite sizes.

XOS Production During Biomass Pretreatments

Taking into consideration the chemical composition of the
solid fractions, shown in Fig. 2, as well as the solids recov-
eries, we were able to calculate the fraction of the initial
mass of each constituent that was transferred to the liquor
in the pretreatments (Table 1). As an example, from the total
lignin found in the untreated bagasse, 74% was found in
the liquid fraction after alkali pretreatment, while the other
26% remained in the solid fraction. The opposite happens
after hydrothermal pretreatment: 27% of the initial lignin
was transferred in the liquor, while the other 73% remained
in the solid fraction. Although the values of hydrothermal
pretreatment mass transfer to liquor are higher than those
previously reported by Santucci et al. (2015) for that same
condition (160 °C, 60 min), it should be pointed out that
their mass recovery was higher than the one we achieved.

In order to quantify a part of the xylan that was solu-
bilized in the form of XOS in the resulting pretreatment
liquors, the liquid fraction, resulting from biomass hydro-
thermal pretreatments alone, was analyzed using HPAEC.
Figure 5 shows HPAEC profile and XOS concentrations in
the liquid fraction obtained after pretreatments.

It is clear that alkali pretreatment alone did not yield
appreciable quantities of XOS in the soluble fraction,
while hydrothermal pretreatment produced wide range of
XOS with different degrees of polymerization, resulting
in approximately 1 mg/mL of functional XOS (X2-X6)
plus the unidentified oligosaccharides with the retention
times greater than that of X6, which might correspond to
longer XOS (X7, X8, X9) and/or to decorated arabino-XOS
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Fig. 5 XOS production from pretreatments alone. A HPAEC profile from alkali and hydrothermal liquor; B XOS yields, in mg per mL of liquor,

after pretreatment application

@ Springer



1760

Food and Bioprocess Technology (2024) 17:1752-1764

(Bhattacharya et al., 2020). This is consistent with the notion
that alkali pretreatment mainly leads to degradation of lignin
and partial hemicellulose removal, whereas considerable
hemicellulose solubilization and partial depolymerization
occurs during hydrothermal pretreatment. Furthermore,
it elucidates the potential of enzymatic hydrolysis of the
hydrothermal liquor to transform long oligomers into short
XOS, which have better prebiotic properties, improving their
yields (Singh et al., 2015).

Enzymatic Hydrolysis

Three different enzymes endo-f-xylanases PxXynl0A
and PxXynl1B and a novel metagenomics xylobiohydro-
lase MetXynl11 identified in a microbial consortium were
applied to liquid and solid fractions of the hydrothermally
pretreated biomass samples and solids after alkaline pre-
treatment. After applying different enzyme combinations to
biomass samples, XOS and xylose yields and profiles were
analyzed (Fig. 6). Enzymatic hydrolysis of untreated SCB
was also performed and did not result in any detectable XOS
production (data not shown).

The enzymatic hydrolysis on SCB-Alk substrate with
xylanases produced X4 as the longest quantifiable oligomer
and X2 as the main product. This shows that endo-xylanases
were indeed capable of depolymerizing xylan into its small-
est oligomers. Since SCB-Alk was completely deacetylated
by the alkaline pretreatment (Fig. 2), the obtained XOS are
also fully deacetylated.

In contrast, hydrothermally pretreated SCB, an acetylated
substrate, provided quantifiable XOS with DP up to 6. X2
and X3 were the main components obtained by the enzy-
matic hydrolysis of the solid pretreated fraction, while liquor
hydrolysate contains mostly X2, as well as X1 and X3 as
main components.

Although considered an undesired product due to its
lower prebiotic activity and potential inhibitory effects,
xylose, which originates from the pretreatment process and/
or from hydrolysis by xylanases, has been used as feedstock
for other biotechnological applications, such as xylitol pro-
duction (Zhang, Ren et al., 2021; Zhang, Han et al., 2021).
For all the substrates, except for the liquor hydrolysate,
hydrolysis by GH11 xylanase alone contain little or no
detectable amount of xylose, compatible with the product
profile of this family of enzymes. The presence of xylose
in the liquor hydrolysate can be explained by the fact that
there is xylose in the non-hydrolyzed liquor (sample 0:0);
therefore, it is likely to be not a product of GH11 xylanase,
but rather a product from the pretreatment. It is interesting
to note that, in general, the greater GH10:GH11 ratio, the
lower the proportion of longer XOS is found in the hydro-
lysate. This is in line with the fact that GH10 xylanases tend
to provide shorter oligomers than GH11 members as the
hydrolytic products (Maslen et al., 2007; Srivastava et al.,
2020). For all the substrates, the hydrolysates of GH11 alone
contain little or no detectable amount of xylose, compatible
with the product profile of this family of enzymes, except for
the liquor hydrolysate. However, this can be explained by the
fact that there is xylose in the non-hydrolyzed liquor (sample
0:0); therefore, it is not a product of the xylanase, but rather
a product from the pretreatment. Additionally, PxXyn10A
alone accomplished the highest XOS yields on all three sub-
strates, while MetXynl1 alone was the least effective on
all studied substrates, probably due to its xylobiohydrolase
character (Evangelista et al., 2019; Kadowaki et al., 2021).

The best experimentally obtained yield was 47.6 +0.2 mg
of XOS/g of untreated biomass with enzymatic hydrolysis
in SCB-Alk, which does not include xylose. For SCB-HT
and SCB-HT-Liq, the figures were 14.5+0.1 mg/g and
81+ 1 mg/g, respectively. Concerning the liquid fraction,
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Fig.6 XOS and xylose yields (in mg/g initial biomass) with different
enzyme combinations against alkali (A) and hydrothermal (solid (B)
and liquor (C) fractions) pretreated sugarcane bagasse in 2% (wW/v)
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enzymatic hydrolysis was able to enhance in around 67%
the yield of functional XOS as compared to non-hydrolyzed
liquor. In spite of its low xylan proportion, due to efficient
xylan solubilization in hydrothermal pretreatment, enzy-
matic hydrolysis on SCB-HT could improve total hydro-
thermal path yield in 17.9%, thus resulting in a total yield
of 96 + 1 mg/g when combining XOS yields from solid and
liquid fractions of hydrothermally pretreated SCB.

These results are consistent with the crystallinity indexes
given in Fig. 4, since the materials with lower Crls presented
lower hydrolysis yields (untreated and hydrothermally pre-
treated SCB solids), whereas SCB-Alk, which resulted in
the best yields among the solid substrates, had higher Crl
as compared to the untreated biomass. Therefore, there is a
positive correlation between Crl and the enzymatic hydroly-
sis yield: the higher the CrI, the higher the yields of xylan
from enzymatic hydrolysis. This can be explained by the fact
that alkaline pretreatment mostly solubilizes and removes
amorphous lignin, thus disrupting the recalcitrant lignocel-
lulosic matrix and facilitating access of enzymes to hemicel-
lulose. Simultaneously, the removal of lignin and cellulose
hornification and partial crystallization reveal themselves in
an increase in Crl and an increase in the average cellulose
crystallite size of the alkaline-pretreated solids (Fig. 4). This
does not happen in the course of hydrothermal pretreatment
which mostly solubilizes xylan, while the lignin fraction
predominantly remains in the pretreated solids (Table 1).

Considering that about 20% of SCB xylopyranose
residues bear L-arabinose decorations (Campbell et al.,
2019) which will make them and the two consecutive non-
decorated residues not accessible to enzymatic hydrolysis,
the best enzymatically-produced XOS yields are probably
close to the highest possible theoretical yield which can be
obtained with GH10 xylanases. Therefore, the use of a-L-
arabinofurosidases (EC 3.2.1.55) might be necessary to
remove arabinoxylan decorations aiming to further increase
XOS yields (Xue et al., 2023).

Data of XOS yield after enzymatic hydrolysis on SCB
liquor with xylanases is still scarce in literature; however,
similar processes have already been performed using dilute
acid or hydrothermal pretreatments, however leading to
different XOS lengths distributions. The published yields
are quite comparable to the ones obtained in this study. de
Figueiredo and collaborators (2017), for instance, were able
to obtain 32 mg of XOS per gram of initial biomass by pre-
treating SCB with 5% KOH, for 30 min at 121 °C and then
applying an endoxylanase from Aspergillus fumigatus M51.
As for hydrothermal treatment, Zhang et al. (2018) could
obtain 71 mg/g from 60 min of pretreatment at 160 °C and
Carvalho et al. (2018) were able to achieve 82 mg/g in a
short pretreatment (5 min at 190 °C) catalyzed with 0.5%
sulfuric acid.

Recent studies could achieve better overall yields (Zhao
et al., 2021; Zhou & Xu, 2019) via diluted acid hydrolysis with
acetic and phosphoric acids. However, external load of acids
was avoided in our experiments in order to explore the poten-
tial of acetyl groups naturally present in the hemicellulose
fraction (2.32% of bagasse dry mass) as a catalyst for xylan
solubilization during hydrothermal pretreatment. Moreover,
detailed comparison of XOS profiles generated by different
enzymatic mixtures of GH10 and GH11 xylanases and GH11
xylobiohydrolase conducted in present study can serve as a
basis for further optimization of enzymatic XOS production.

Conclusions

This work aimed to compare two different pretreatment
routes for XOS production from sugarcane bagasse, while
also assessing the potential synergistic effect between
xylanases from families GH10 and GH11 and a recently
described xylobiohydrolase. From the XOS production paths
evaluated in this study, hydrothermal pretreatment followed
by enzymatic hydrolysis of liquid fraction rendered nearly
twice as much XOS when compared to enzymatic hydroly-
sis on solid fraction of alkali-pretreated SCB. Concerning
the use of different enzyme combinations, it became clear
that the degree of substitution of sugarcane xylan can be an
obstacle in xylan hydrolysis with GH11 xylanases, as the
hydrolysis with GH10 xilanase alone yielded higher quanti-
ties of XOS for all the tested substrates. Furthermore, while
the hydrothermal liquor itself contains considerable amounts
of XOS, the benefit of an enzymatic hydrolysis step is in
considerable improvement of short-length, functional, XOS
yields. Under studied conditions, hydrothermal pretreatment,
that alone could produce around 48.8 mg of short XOS per
gram of untreated bagasse, was further busted by almost
two times after enzymatic treatment of both solid and liquid
fractions. The later strategy was the most efficient in the
context of functional XOS production. It might represent a
promising “green” route for agricultural by-products value
enhancement with minimum ecological impacts.
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